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STRAIN GttLES 

FUNGS SEALS 
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P RESSUR E FIANCE SEALS, (2) HYDROGEN BBRnH»Oir CF PRESSURE TRANS- 
DUCER DIAPHRAGMS, (3) THE EFFECTS OF CLOSE-OCUPlfl) VERS US Rg PTE 
! TRANSWXXR INSTALLATION ON PRESSURE MASURBENT. ( 4 ) TOlPERAffUKE 
TRANSDUCES OCW1GURATICN EFFECTS C« «ASUFB4U4TS, AM) (5) WO*«CUES 
IN TEMPERATURE COMPENSATION OF STRAIN GAGE PRESSURE TRANSDUCERS . 



i TOE PURPOSE OF TW PROGRAM MAS TO DWESTIGWE TOE LATEST DESIGN AM) 
APPLICATION TECHNIQUES in MEASUREMENT CCWOMKr TTnWXOGY AM) TO 
■ DOOJWWr TOIS INFORMATION ALONG WITH REOOMOCATTCNS FOR UPGRADING 
>eASUREMBfr CCNPOfEVT DESIGNS FOR FUTURE S-II DERIVATIVE APPLICATIONS . 
RBOMBOATIONS ARE PROVIDED FOR UPGRADING POST ING STA TE-CF-TOE-AKT 
IN CCMPCNPAr DESICN, WHERE REQUIRE), TO SATISFY PCTFOWANCE RHQUIRE- 
MO/IS CF S-II DERIVATIVE VBHICM5. 
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DEFINITION OF TERMS AW) ABBREVIATIONS 


Cryogenic - Any tenperature less than -100 F. 

Reynolds No. - A dimensionless ratio of inertia forces divided by viscous 
forces. 

Pickoff - A sensor or transducer. 

Transition Point - That point at which a change of state t&'tes place over 
a short temperature span. 

Bond Ntsober - The relationshif between a medias surface tension and the 
gravitational environment it sees. 

Linear Mcmentun - The product of the body mass (M) and the body 1 inear 
velocity (V) . 

Angular Mcmentun or Moment of Momentum - The product of mass (M) , the 
tangential aomponent of velocity (Vu) . anu the radius 
to the point of exit (R). 
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1.0 nmcoucrrxoM 

As spaa? missions became mare ccnplex and more demanding, the roqmren«ints on 
measurements grow more and more difficult. Constant utprovements in measure- 
ment techniques and accuracy are being sought by design engineers for a more 
accurate evaluation of system performances. Ever increasing severity in 
operating environments requires a aon timed search far new design;; and 
techniques. 

Greater reliability of equipment is required as space missions grot more 
carp lex. lower carpment weight, snaller size and lcx*?r electr-cal power 
oonsimption are sought as mission duration grows longer. All of these factors 
and many mire require that measursnent capabilities be upgraded to meet these 
raw demands. The purpose of this study is to satisfy sere aspects of this 
need with an investigation into measursnent ocPV cne, T t technology. 

S-II derivative systems, including the Space Tug, Obiting Propellant Depot 
(CPD) , Expendable Second Stage (ESS) , and Chardcal Interorbital Shuttle (CIS) 
impose many new performance requirements on measurement oaiponents not 
currently required by the S-II stage or the Saturn V vehicle. 

Higher measurerwit accuracy, long term operation in high and low trsqxirature 
environments , repeated operations in relatively high vibration environments, 
long term shelf ] ife and repeated reuses are sane of the more important per- 
formance requirements . Light weight, snail package size, simplified wiring 
requirements, low electrical power, and amplified maintenance procedures 
are other desirable characteristics for future space vehicles. 

'ITus program invertigated tlie availability and performance capability of 
specific neasur orient ccrpcnerts in the area of cryogenic temperature, pres- 
sure, flow and liquid detection coiponents and high taiperature strain gages. 
The study conducted a systematic trvey of manufacturers to establish 
performance arri physical characteristics of current designs. In cases 
where current .state-of-the-art equipment cannot meet performance requirements 
for future space missions, the design shortcomings are identified and reocm- 
rrendaticns for improvements , where available, were presented and discussed . 
The study evaluated published inturmaticn and supplier furnished data and 
d- scussed sane Vantages and disadvantages for given designs. .■-teasuremei t 
system application design considerations were, investigated and discussed 
in the report where these considerations wire an important part t f the 
measurement . The results of the investigation were intended Ll ptov,i' a 
useful reference source for design and rxnponent information for b'f 
selection and applicaticn of the measurerient transduopis of -his nvusM- 
gaticn. 

Ir. addition, specific technical topics allied to the measurement type or 
corponents were* researched and are discussed in this report, .tens select**! 
for investiaation as part of this stiriy tore selected for the pioblor nature 
of tie itan or for the technical value of the researched informaticn as a 
i ferertoe source for new designs, Selected areas for investigation v, " n -’ 

, 1 1 high pressure flange seals, and (2) hydrogen embrittlement et pressure 
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transducer materials. Other topics which involve application were (1) the 
effects of close -ctJtqplad versus remote transducer installation an pressure 
reasurerents, (2) taiperature transducer configuration effects on rroasure- 
ubiu, and (3) techniques in temperature enrpensatier of cl ^e-coup led strain 
gage pressure transducers. 

TK-ae specific neasurement oempanert capabilities and technical topics are 
contained in three volumes. Volume X contains Cryogenic Pressure Measurement 
Technology, High Pressure Flange Seals, Hydrogen Embrittlement of Pressure 
Transducer Material?, the Effect of Cloee-Coupled Versus Remote Transducer 
Installations on Pressure MBasurements, and Techniques in Twperature Com- 
pensation of St -an Gage Pressure Transducers. Volume II consists of 
cryogenic Flow Measurement Technology and Cryogenic Liquid Detection 
Measurement Technology. Vo lime III siemarizes Cryogenic Twperature 
tteasuraaent Techr»l'"'y and High Tenperature Strain Gage Technology. 


CRYOGENIC PRESSURE MEASURHttNT TEOWXCGY 

The investigation into cryogenic pressure transducer technology- «» ™de 
conduct!™ a survey of manufacturers to establish transducer capability of 
currautly available equipment. The requirement established for the search 
was to locate an instrunent capable of operating with liquid oxygen or 
liquid hydrogen systems of a space vehicle v*ule maintaining tenperature 
sensitivity errors within 2 percent of full scale. 

Since the investigation did not result in meeting this design goal, a litera- 
ture research was conducted to identify problem areas viuch contribute to 
this transducer performance 1 imitation . 

This report presents the results of the industrial survey and the literature 
research. 


HIGH PRESSURE FLANGE SEALS 

Consideraticm of a Edgh pressure (5000 psi) transducer for aft licaticns whree 
design concept utilised flanged mounting precipitated this lhe 

reeeSoh^rk primarily addresses itself to the search for a metallic anal 
to attain optimum sealing for low toperature, high pressure r . -®». The 
investigation relied principally tpen published literature as he source f 
jnfomaticn. 

hydrogen EWiRirnfMEwr cf pressure trhboucer mrieriais 

Tte hvdrcqen oitorittlenent investigation utilized polished literature to 
on the susceptibility of transducer ustrriaU to the 
MTijrittiwmnt problem. The investigation atphasized the practical approach 

Totals with respect to antorittlermnt susceptibility. 
The i^SStigatian did not deal with the atonic structure or metallurgical 
aspects of ro* ils • 
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TME BTBSS CF CUJSC-OOUPIED VERSUS REMOTE TTONStUCXR XNSTJilATICH C« 

PRESSURE MEASUREMENTS 

A technical discussion on the effects of close-aoupled versus rnnote trans- 
duoer installation effects on neasurement accuracy vas presented m thi- 
report for reference Information to transducer users. Tne discussion u. the 
report was based on information derived fran Saturn 3- II flight rests and 
laboratory work perform®! in conjunction with investigations into 
S~U low frequency oscillation pienoienon. Data distortion due to line length 
is illustrated arei corrective methods are delineated. 

TECHNIQUES IN TEMPERATURE CCMPENSATIQb OF STRAIN GAGE PRESS! TC TRANSDUCERS 

Another topic presented in the report is based on investigations oft.^era- 
ture sensitivity preplans of strain gage pressure transducers. Since the 
Saturn S-II low* frequency oecillcticn phmcmsnen resulted in utilizing c ^~ 
oojcled strain gage transducers an the U3X feedlines of engine 1 and j. 
^sSgation wa^made to establish techniques available 

barperature sensitivity errors. This information is provided in this report 
as reference material. 

CRYOGENIC MASS fujw measurement technology 

The flow investigation researched current technology for systems oap^ 2 a of 
•mrvoqenic renperaturo flow neasurements. Manuiacturers were contacted for 
mre^uai on their product line of f lometer s viuch indicated promise of 
neeting an application requiring a mars gas f lometer. 

S“!S£r£E =£-£ T&'SZ&SttZ 

vi dual manufacturers systems. 

CRYOGENIC LIQUID DEFECTION MEASUREMENT TB3KSUXJ* 

*• liquid SSL 

tsKst- “* 

CRYOGENIC TEMPERATURE MEASUREMENT TEQLN01XGV 

srxsrt'xs t . 

iUf developr«nts in teaperature measuring techniques. ^ TO ^ ,Q ?® d ° i f ^ ]era " 
^e^s^reg discussed are resistance tenperature f ^lso 

r^r, ~~7 BMiaina elswantB, thermistors, and thermocouples. Also 

included* 1 i^a LscusH^f measuring bridges used to determine the resistance 
of the tenparature probe. 
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eot rarawnne strain snot nmaflg 

Although strain measuri techniques have progressed rapidly since the 
devalofmant of the first strain gaga, the requirements fcr their use have 
advanced such faster. This is especially true for obtaining flight load 
measurements on high spaed veniclss operating in the earth’s atmosphere. 

The aezodynamic hast associated with this high speed flight can be a major 
ns— of strain gage error. Tenperatures up to 1800 F are anticipated on 
the aerodynamic “inf 1 *** of a sach 6 vehicle operating at 90,000 feet. 

Strain gege output due to thermal stresses at these high temperatures can 
produce load measurement errors greater than those due to gage performance 
characteristics. TO obtain accurate flight load measurements these errors 
must be eliminated in the strain gage design. 

The purpose of this section of the ocmpcnants technology report is to review 
various strait sensing ctavioes and evaluate their performance in a 1500 F 
to 2000 F thermal environment. 
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2.0 SUMARV 


The following is a brief review cf the significant facts curtained in the 
body of the three volrne text. The senary is oontair-ri in each of the three 
volises in order that the reabr might have sufficient informs tier to evaluate 
his need to review each volute's text in detail. 

uhiiim I contains the following topics: Cryogenic Pressure TransAicer Tech- 
nology. Hitfi Pressure Flange Seals, Hydrogen B±rittl«ent of Transducer 
feterials. the Effect of CloBe-Ox*>led Versus Remote Tranaduoei Installations 
on Pressure Transducers, and Techniques in Tanoerature Ocnpensaticn cf Strain 
Gage Pressure. 

Vblise II contains the following topics: Cryogenic Mass Flaw Measurement 
Techrology and Cryogenic Liquid Detection Technology. 

Vblurae III oontains two topics: Cryogenic Tarperatore Measurement Technology 

and High Tepperature Strain Gage Technology. 


CKYOCiUIC PRESSURE TRNBDUCEJt TBC»aU0GY 


Pressure measurements for space vehicle cryogenic systems such as for liquid 
oxygen and liquid hydrogen tanks, transfer lines and engine systems, have 
always presented a special challenge to mstrunentation engineers and neasure- 
nent users alike. These cryogenic liquids, especially liquid ^Vdroger.^poasess 
nany properties **iich pose problem for designers. Primarily, these problami 
^a^sociatod with lcwtarperature envirtxment* and with the highly volatile 
nature of the liquid. The most ccrmcn approach to measuring pressure in these 
sys tems is to connect the pressure tran-duoer avey frem the extreme lev tero- 
pe ture envirorment by cocnecting the transducer to the 9ense port by a 
length of sense line which provides a thermal buffer for the transducer. 

This technique is satisfactory tor only ^aady-state c* slcwly changing 
measurements. For oscillating or fast changing pressure systems the vola- 
tility of the liquid creates thermal dynamic oscillaticxrs aid the sense line 
reduces frequency response both of which reduce measurement fidelity nurkedly. 


This investigation was performed to research currently available designs 
which could be utilized for space vehicle applications in cryogenic systers 
to ai accuracy of 2 percent excluding other environmental error scuroes. 


Injuries node to approximately 50 manufacturers resulted in seven favorable 
responses from sellers indicating the availability of transducers operable 
with cryogenic systar* of liquid oxyg er or liquid hydrogen- Manufacturers 
responding favorably to the survey were: 


Manufacturer 


Transducer Type 


Bell fc Howell/Consolidated Electrodynamics 
Bourns Inc. 

Dyna sciences Corporation 
Genisoo Technology Oorp. 

Kistler instrument Corp. 

MB Fiectrcrucm 
StalhrsB Instruments Inc. 

- 5 - 


Untended Strain .< e 
Potentiometer 
Banded Strain Gage 
Bonded Strain Ga<^ 
Piezoelectric 
Bonded Strain Gage 
Deposited Strain Gage 
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A muter of other manufactitt ers are known to have developed pressure trans- 
ducers operable in cryogenic systems but these designs are available on 
qaecial order only and thus were not included in this study pruwily due to 
the lade of descriptive information on the instrunents. 

This investigation concluded that for the many application conditions of 
a space vehicle, none of the candidate instrunents could meet the design 
goal of 2 percent temperature sensitivity error. Based on this conclusion, 
problems contributing to temperature sensitivity were investigated through 
research of published dociMents. 

The single most important error source for instrunents found by the researchers 
is the difference in temperature conditions between instrument calibration 
and the using temperature environment. Normally transducers are calibrated 
under a steady state, uniform temperature environment, usually at the 
liquid nitrogen temperatures. In field applications temperature gradients 
occur between the f r o nt face of the transducer to the aft end of the 
instrument. For transducers with temperature compensation provisions such 
as the strain gage designs, the compensation thermistors and resistors are 
located in the aft end of the instrument. This design alone crr.tr rbtes to 
a significant error found cry one researcher to be as much as 100 percent FS 
for transducers that indicated less than 6 percent FS shift in standaid steady 
state te mper ature tests. 

A definite i m proveme n t in low temperature perton-vu car. be achieved an the 
part of instrument users by providing installation designs vhich minimise 
thermal gradients, such as by insulating the transducer, and by calibrating 
instruments under conditions of usage as closely as possible. 

The conclusion of this investigation is that for applications requiring good 
temp e ra ture exupensation . snail size, low heat capacity aid high frequency 
response with the capability of measuring both steady state and dynamic 
responses a new transducer design is required. Based on the information 
provided by researchers same design features known to provide desirable 
performance characteristics are: flush diaphragm design with diaphragm 

machines integral with the case, snail case sire with short body length 
and low thermal mass, strain gage design with gages mechanically coupled 
to the diaphragj in an unbonded configuration, temperature compensation 
circuitry located in the same thermal environment as the strain gages and 
transducer installation provisions which facilitate insulation proviuians 
to minimize thermal gradients. 

HIGH PRESSURE FUNCX SEALS 

This investigation primarily addresses itself to the search for a metallic 
seal for cryogwuc temperature and up oo 5000 psig pressure applications. 

The leakage rate for a seal depends on fluid properties, surface topography, 
pressure differential, hardness of the sealing material, and sealing contact 
stress. 


- 6 - SD72-SA-0 156-2 


KttKODUCIBJLITY Of THE ORIGINAL PAGE IS POOR 



Space Division 

North American Aockwel 


The scat important design or 'rations are pressure, temperature range, 
and type of fluid sealed. Ti*t uexmaeters determine the holt size, flange 
thickness, and materials . 

leakage is the most important criterion and most difficult to predict without 
tests. Many neta! s eal s are capable of achieving leakage rates be lew measurable 
levels; tawever, the penalty in flange loading, extmnely snooth finishes or 
loss of recovery, may be prohibitive. For extremely low leakage rates (less 
than 10"® scc/sec), an all-metal seal is usually required. 


Seating loai is an important parameter in flanged connections. The lower it 
is, tl« snailer the required flanges and bolting. Seating load is normally 

m pounds per inch (lb/in) of seal circumference and may range fran 
100 to 500 lb/m, depending on the design. 

Contact stress at the sealing interface partially determines leakage rate and 
is a function of seating load and contact area. The pressure differential 
across the interface, if high enough, may add or subtract significantly from 
the initial contact stress. 


Metal seals capable of very low leakage rates nust plastically deform at the 
sealing interface. With subsequent installations, the seal coating mist 
try to oonform to a new set of peaks and valleys and intimacy of interface 
is consequently reduced. 


Pressure ocnpens«tian, sometimes called pressure energization, pressure actua- 
tion, or pressure assistance, is the beneficial effect of pressir e ipen the 
seal contact. The geometry of msny seals is such that fluid pressure augtents 
the contact stress, thus tending to overcome the increased possibility of 
leakage die to the pressure. The pressure effect is negligible except at 
high pressures * IOOC psi or more. 

Cavity requirements of the seal mist provide for correct (limited) deflection 
of the seal, location of the seal, structural support for high pressure, and 
proper surface finish. 

The choice of seal materials is usually determined by the operating temperature , 
although corrosion resistance, fluid co m patibility, and radiation effects may 
an bg major considerations. Most metal seal s contain two materials , a 
resilient, basic-shape metal and a soft coating. 


Ttva coating material is usually a pure metal (silver, gold, nickel, or copper) 
or a plastic dispersion coating such as Teflon. Coating materials are chosen 
on the basis of softness, corrosion resistance, temperature resis^nce, and 
cost. Silver is used ir. the Majority of low and high tenperature applications 
and is one the least costly. 


ftasilient metal seals combine the efficiency of elastomeric O-rings with the 
extended tenperature capability of metal gaskets. The basic structural element 
is usually a high-str«vgth metal, and a soft coating of metal or plastic pro- 
vides the actual sealing. Like O-rings, these seals are self -energizing, have 
small cross aecti<M. require light closing forces, are often reusable, and 
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have indefinite life. Uhl ike O-rings. however, they are relatively expansive, 
and availability is somewhat limited. 

meiliant rretal seals can be considered as the most promising tor achieving 
mi integrity for high pressure and cryogenic environments. A parallel 
looted joint with a groove type seal installation dwuld pewide the optiBim 
joint configuration. 


HttWXIN BffiRITIIJMafr CF TRANSDUCER MATERIAL 

The . r aear ch work performed within the Indus* -y on hydrogen ertor ittltment of 
netals has ret resulted in a clear definition of accepted standard*. Be cause 
of this fact, no precise conclusions can be readied on the extent of hydrogen 
artnttiesent as a problem for instrumentation systems . Primarily, thus 
uncertainty results from the fact that nest testing has been accoqplisiwd at 
10.000 psi and pressures for liquid or gaseous hydreger. systems cn Saturn 
S-1I type v&ucles are 100 psi to 1000 psi. 

Generally, it is cone luted that no problems exist for materials most often 
used for transducer construction. This conclusion i-* cased or. tne experimental 
findings that wtorittlarert susoeptibility increase-- with increasing tartper.t- 
ture above roan terperature and increasing pressure. He la* nxr treye rature 
atbrittlenent susceptibility decreases with decreasing temperature. Hyd ro g-t 
has little effect on metals oelow a temperature of -321 *\ Frcr -• stand- 
point of instmtentation systems, th: is favorable sino? tine rra jority o 

Wsurwents m hydrogen systans are made at low tenperaturt and pressures. 


The report stmnarizes the degree of susceptibility for -..os ratals where 
data are available. 

m EFFECT CF tlfiRF. COUPUD VS. REMOTE TRANSDUCER INETP-IiATTCHS CM PTESSURE 

«AsuRH®rre 

He measurement of frequency over a line length of constant diameter to which 
is attached a sensing transducer varies as the fundamental (td) frequency. 

If the madia transnutting the frequency is a gas, tiien the frequency is 
limited by the line length and that acoustic velocity. The exoepticm to this 
is a situation in wnich the voluiwj of the transducer cavity neaf.uring the 
pressure pulse is large relative to the volimie of the line. Ttus case is 
Slled a Helmholtz reasons tor and it will produce an attenuation of approxi- 
nBtely 40% over tlx> previously noted fundmnental frequency for tne equivalent 

lone length. 

If frequency of pulsations of a liquid over a line is required aM if the 
liquidisa cryogenic , a nulti trade of problems arise. Pressure pwdses of 
large *®litute will procteoe crnplete distortion of phase, frequency, *pU 
tude^ arri signature. Snail pressure pulsations will allow the 
phase onl amplitude data withoi the fundamental frequency 

^ijmt££ canrot be oonsitered correct. The turbulence produced by the 
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pressure pulsations foeoes the liquid dawn a gas filled line there it expands 
due to the sufctan tarperature gradier.t. The resultant change in noienttm of 
the — « of cryogenic liquid in notion and the volume change pro&joes an 
overall distortion of the output. 

The aacurate measurement of fidelity of a cryogenic liquid can only be 
ctot&ined by using either a close coupled err flush mounted transducer. The 
ideal mstallaticn is that of nrwiting a pressure transducer diaphragr 
directly against the media to be measured. If this is not possible then 
the sensor can be boss mounted off a fitting. Care nust be taken in the 
last imtance in that a start run from the liquid to the sensor diaphraan 
might form a Helmholtz reasenator. 

TECHNIQUES IN TWPEBMHHE CCMPEHSIff lON OF STRAIN GAGE PRESSURE 

The classic techniques foe ooopensatian of pressure transducers to temperature 
sensitivity is to select materials with desirable performance characteristics 
and to apply compensating resistors and thermistors to the bridge circuitry. 
These techniques oenpensate for zero shift and sensitivity changes. 

Manufacturers can further inpiove tiansdrer performance ty locating toe 
resistors ®d thermistors in the same thermal environment as the temperature 
sensitive ira*er. Instrument users can insulate instnments to stabilize 
temperature and can apply corrections to calibration curves for zero shifts 
determined from a reference pressure test. 


CrCiOQHIC MASS FLOW MEASUREMENT TBCHMC40Qf 

The obiect of the cryogenic flow study was to establish the state-of-the-art 
uxl to reoocinend either a specific flow system or if that was not possible, 
to est^ilish a direction for future development. 

The .measurement of cryogenic mass gas flow depends xpen the determination 
of several variables. If the measurement is made either inferential ly or 
directly, a oonpensation of variables nust be taken into consideration. 

Density is always ocranon to an inferential ly mass measurement with either 
a velocity or velocity squared measurement required. Since density itsell 
cm be a function of pressure, temperature, torque or danping ratio an 
inferential neasuratent of flow can consist of a great deal of varial.es; 

of which can cc**r a large range. In the direct nea suraen t of ness 
flow the output cm be a twasuronent of linear or angular nanentim or 
heat transfer. Altlwugh the output can be a single variable the mechanism 
required to generate the output can bt extremely complex and limited in range. 
In addition to the above noted problems, there are a nurfcer of material, 
installation ard design problems that also nust be solved. 

TT* initial 62 nenufacturars reviewed were reduced to 16 candid ate systems. 
These candidate systems consisted of six true ness flow “stars and 
eleven inferential mass mater systems. In addition to manufacturers of 
nowmeters, such associated problems as facility calibration and previous 
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data were reviewed. After analyzing all candidate systems, previously rut 
test data, test facilities and the National Bureau of Standards at Boulder, 
it was concluded that no floemter had a proven history of neeting the require- 
ments. TWo system types looked promising — the turbine-capacitance densi- 
tometer inferential meter and the heat transfer mass imentum meter. Of 
th cec two systems, only the inferential turhine candidate had sane data at 
a cryogenic gas te mp e ra ture and hence is the recommended choice. 

C3V0GENIC LIQUID DETECTION TBOWOUDGY 

This section covered twelve propellant gaging systems offered by nine manu- 
frcturers. Five of the systems are applicable to positive g applications and 
seven are applicable to both positive and zero g usage. These systems can 
be further categorised into five basic operating principles. These are point 
seraar, capacitance probe, radio frequency, infraeanic, and nucleonic systems, 
ttoint sensors and capacitance probes ars only useful in positive g environments. 
The infrasonic and nucleonic syotans are applicable in aero g environments, 
however, both designs are still in the development stage and at this time 
impose a high weight penalty to obtain <yxxi accuracy. 

IT* use of the acre standard coaxial cylinder capacitance sensor system for 
continuous gaging of propellants is not practical due to the capillary rise 
that occurs at low gravity coalitions. The capillary rise for Ui2 and uax 
is on the confer of 40 and 20 inches respectively for capacitance sensors 
similar to those used in the Saturn S-Xl stage. 

Sinoe future space v^iicles operate aider both zero g and positive g environ- 
sents, no single concept of propellant gsging provides the desired accuracy 
aider both conditions. The results of the study indicate that the radio 
frequency system is best for propellant monitoring during zero gravity periods 
vhai propellant tanks are less than half full. During periods of positive g 
the discrete level sensing system offers the best accuracy especially during 
propellant leading and for monitoring the liquid level with tanks full. 

The best design oanpremise appears to be a system utilizing both the HF 
system araJ discrete level sensors for all phases of the ehicle operation. 

CWOGQJIC ■rafl’DWTURE JEASUIOffiNr TE^**3D0GY 

Ocimexc-ial cryojenic thermometers are available viiich are capable, under 
carefully controlled conditions, of precisions greater than + 0.05 K. Hcwover, 
sudi precision can only be obtained aider static or quiescent conditions. 

(tan theranneters are required to respond to rapid tenperature fluctuations 
such as occur in the cooldcwn of propellant lines, the indicated temperature 
nay depart significantly from the "true" temperature. The mss in validity 
of the neasuranent does not reflect a degradation in accuracy of the 
temperature sensor , bit rather indicates that the temperature of the sensor 
is not at all times the same as the surroundings. 

Ita terms " acc uracy" and “reproducibility” require seme explanation pertaining 
to temperature transducers. Accuracy is the significance with vfuch the 
theunowiter can indicate the absolute thermodynamic temperature. This includes 
errors of calibration as well as errors due to icnreproducibil ity. Ifepmduci- 
bility is the variability observed in repeating a given measurement usirg 
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different thenrcmeterv of the sane type. Changes produced by thermal cycling 
of the thermometer to and from ambient are also included in this 
par are ter . 

Teoperature sensor materials can be divided into three categories: pure netals, 

non-metals, and thermoelectric devices called thermocouples. While there exist 
a number of pure metals that are mere or less suitable for resistance thermo— 
roe try, platinum, primarily because of many favorable characteristics, has 
beocme predominant as a tenperature measuring element. Desirarle features 
suciu as ready availability in high purity and extensive knowledge about 
platinum’s behavior down to 20 K have tended to perpetuate its use. Its 
principal disadvantages are low resistivity and insensitivity below about 10 K. 

Dapper, nickel and tungsten haia also been ejgsloitod as torperature sensing 
elements. Copper is inexpensive and has a very linear temperature/resistance 
relationship. Copper has poorer stability and reproducibility than platinur. 
and its lew resistivity is imdesirable when a high resistance element is 
required for tenperature measurements below 100 K. Nickel is vicely used over 
the temperature range of 170 K t 575 K; however, this report w_«s primarily 
concerned with tenperatures below 100 K and at this terperature, very little 
work has been done with nickel. Tungsten sensors are less stable than other 
metal sensors because full annealing is inpractioal. At law temperatures the 
percentage change in resistance per degree is nuch less than platinim. 

Tungsten's great mechanical strength allows extremely fine wires resulting 
in convenience for manufacturing sensors having high resistance values, 
but this is not ix^ortant unless the probe resistance trust be larger than 
5 or 6 thousand ohms. 

Non-metals such as semiconductors, carbon resistors, and thermistors are used 
as temperature sensing devices in the laboratory with same advantages over 
pure metals. The greater disac ’ iges far their usage on a Tpace vehicle 

within the torperature range oi to 100 K tend to discount them as a serious 

consideration unless further development and knowledge is pursued. 

Germaniim semiconductors are available from several oarmereia’. sources . The 
sensing element is a small single crystal with high resistivity. The resistance/ 
temperature relationship is very oonplex and requires many calibration points 
when used over a wide tenperature range. The reproducibility is poor and 
thermal cycling causes seme drift to occur. This affects their interchange- 
ability drastically. 

Carbon resistors have been used as temoerature sensors at extremely low 
temperatures. Carbon has a high sensitivity in the tuipereture range of 0.1 K 
u about 20 K; however, above 20 K the dH/dT is very unstable. 

Thermistors are inexpensive and very sensitive to terperature. They are anall 
in siae and have a high resistivity. Thermistors have a nonlinear R-T re- 
lationship and poor stability. Because of the nonlinearity, numerous cali- 
bration points are required. A single thermistor is generally unseated for 
wide tenperature spans because its resistance goes from values v^iich are so 
high to be inconvenient to values which are too lev to be measured with con- 
ventional signal conditioning equipment. Several thermistors mist be used 
to cover a wide taiperature span. 


- 11 - 3>72-SA-0 156-2 


REPRODUCIBILITY Of THE ORIGINAL PAGE IS POOR. 



Space OMatan 

North Amenc»nRockw«l 


Th a rnpexxplas in ccnpariaan with other tagperature sensors hove certain advan- 
tages. The temperature sensitivity span can be snail, and is more flexible 
for installation. The thermocouple is a device of comparatively low cost, 
high accuracy, wide measurement range, fast thermal response, rugge&tess, 
and reliability. Seme of the more obvious disadvantages ..re the very low 
output voltage requiring more complex and costly signal oonditicmng equip- 
mant, and the homoge n eity of the materials used to manufacture thermocouples 
is such that interchangeability without aarplete recalifcration is utpractical . 

After an objective analysis of the different methods of temperature measurement 
in the 20 to 100 K range, the wire wound metal, especially platinum, is best 
suited for measurements there high accuracy and stability is required, the 
thermistor is best for point measurements and the thermocouple bust for high 
temperatures ->t for rough indication of temperatures. 

Resistance bridges are used as a ormparison device for measuring . -ecise 
resistance ratio relative to taperature change of a platinum thernoneter. 

In making comparison resistance measurements far attainment of a high degree 
of precision, of the order of 1.0 PPM, the following design considerations 
should be evaluated when selecting a particular oridge de-'gn: effects of lead 

resistance, tternoelectric emf’s, self-heating, reactance. bridge linearity, 
noise, interaction, bridge sensitivity, and accuracy. 

Prom the remsrous available bridge designs, a designer has to determine as to 
which of the bridge designs is most suitable for use for a particular design 
application. Tterefore, in order to establish a methodical design approach, 
these numerous bridges are described in its basic farm as either a full or 
half bridge. These basic bridges are then evaluated for its advantage and 
disadvantages based or applicable design considerations . in the process of 
evaluation, those basic bridges are reconfigured far use as either synmetr.c 
or asynrwtric configuration and as a lew level or high level bridge output, 
based on the inportajxse of a particular design consideration . A table 
depicting the advantages and disadvantages relative to the various design 
considerations has been prepared to provide direction in the design approach. 

toad resistance is widely accepted as a major problem in a temperature measure- 
mot system dssign. Because of this problem, numerous bridges uuch as Mieller, 
Smith, Seirans and nunerous others have been developed since 1871. U~h bridge 
has nerits in leadwire resistance oaipermation, and therefore each is dis- 
cussed in this report. Variations used in these bridges can then be adapted 
to the basic bridge selected for the best lead resistance oaipensatiai. 

high temperature strain g age tbcwkmgv 

The objective of this section of the ccrponents technology report was to review 
current strain sensing devices and evaluate their performance in a 1500 F to 
2000 F airbor ne thermal environment. The evaluation consists of oanparing 
gage principles of operation, gage materials, gage attach methods, installation 
techniques, performance characteristics and gage availability. 
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A literature survey was conducted which resulted in the selection of three 
strain sensing devices far evaluation: 

a. Electrical resistance strain gage 

b. Electrical capacitance strain gage 

c. Thermal-null strain sensor 

The resistance strain gage operates on the principle that when a load is 
applied on any material , that material will expand or am tract causing 
strain within the material. If a grid of wire is bonded to the material, 
it '.rill stretch or be strained exactly as the surface of the test neterial 
is strained. This stretching and owpreasing of the grid wire causes a 
change in the electrical resistance of the wire vfiich is proportional to 
the strain in the test member. 

Ov> of the major contributors to errors in hig usrperature strain gage 
applications is the effects of apparent strain. In a resistance gage, 
apparent strain causes a change in resistance of a mounted gage due to a 
change in tenperature without an applied load on the test specimen. In an 
effort to reduce this apparent strain error, temperature oonpensaticn is 
included in the gage designs. 

Many resistance gage alloys have been tested in an effort to extend the 
upper toiperature limits. Most alloys exhibit a solid solution phase change 
below 1200 F. This phase change cause- an anomaly in the resistance vs. 
tenpcratui curve and yields an unsatisfactory alloy for high tenperature 
strain gage usage. ?latinun-turgsten alloys are currently the best available 
for hign tenperature resistance strain gages. 

Attachment of high tenperature resistance strain gages can ts acoorplj shed 
by using ceramic cement, aluninun oxide flame spray or fcy welding. The method 
used depends vpon tne material of the test specimen. 

There are many resistance gages on the market today. However, only a relative 
few advertise the capability of operating at 1500 F and none at 2000 F. 

Since 1968, Hughes Aircraft, and Wright Patterson Air Force Flight Dynamics 
laboratory have coordinated on the development of a high tenperature capa- 
citance strain gage. This gage operates on the principle that variations in 
the gage dimensions caused by strain in the test specimen will change the 
capacitarare of the gage. This change in capacitance is then directly pro- 
portional to the strain in the test specimen. The o.-nf iguration selected 
for the capacitance gage was a parallel p.'ate gage mom ted in a rhootiic 
frame. The gage consisted of a capacitance waffer containing stainless 
steel plates with mica dielectric insulators mounted in a stainless steel 
rhombic stress frame. 
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3.0 CFYOGEMC FLOW MEASUREMENT TEOMXOGY 


the ra&M urerent of mass flow depends on accurately determining a number of 
variable parameters . These variables include t*perature, pressure, torque, 
velocity, rangeability, momentum, heat transfer and density. Although it is 
not required to determine each of these variables for every problem. they 
are used in ootbinaticns. In addition to these parameter variables, there 
are a ranter of materials, installation an d detail design problem to solve. 
In the situation ttere the flowmeter is placed in series with the systan 
ureter study, seal materials mist be oarefully chosen as conditions of vrear, 
corrosion and abrasion may change the flow characteristics and the meter's 
calibration. As bearing friction changes or surface heat transfer co- 
efficients vary, the enpirical relationships fail or became less accurate. 
Dctrmnely low teiperatures present a structural problem m design and in 
assoifcly and sufc jeqt*r,t int ferenoe due to tolerance buildup. If these 
var iabl es are held to a mini .sm, the relative ease of the measurement in- 
creases proportionally . 


The study requirement is to determine mass gas flew at a cryogenic temperature 
such as «-.aountered in a cryogenic propellant tank vent syster to an accuracy 
of 1* or better. Tf we assume that the propellant tanks contain hydrogen 
and oxyyer. and that tte vtfiicle using toon is in earth orbit, we have a 
practical application of the requirement. The achievement of this flew 
requirwant is extremely difficult because it involves a number of measure- 
iwit paraaatars as noted above and the range of these parameters is wide. 

The temper ature range arai flow rates would be large in such an installation 
especially when using cryogenic hydrogen gas whose volume change would be 
c lose to 3 to 1. It would also be mandatory to have a rapid response capa- 
bility in order to handle transient changes accurately, airing the study 
period, every flow measurement device and most of the variations of a type 
were reviewed. Veidor and government sources were included in this reviw 
which consisted of a literature search, vendor telephone conversations and 
facility tours. The results of this survey produced no mass flcwneter design 
that had a record of meeting the study requirements . The reasoi for the lack 
of data on the requirsnsnt was tnat the use of such a broad range of measure- 
mant variables had never been attainted before. Most floeneter designs had 
bean specifically designed and calibrated for use in a less demanding appli- 
cation. In such a case, forcing such media variables as temperature and 
pressure to be at a constant value before being measured, the problem of 
measuring mass flow could be amplified to the measurement of velocity and 
the use of a thenmphysicsal chart of the media to determine density. The 
Quantum Dynamics turbine flcwneter ays tan design showed premise in meeting 
all the design par waters but even it did not have sufficient data to estab- 
lish its capability with high confidence. RJ Fifteen other candidate systems 
of feral cn ability to measure saw portion of the total nutter of parameters 
necessary in irmeting the range requirements. In seme cases, two or three of 
these systems could be used in parallel go give an output over the total range 
required. 
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3.1 TBCitllCAL DISCUSSION 

In the measurement of mass flew, the basic types of flow system and para- 
meters to be measured must be defined and understood. All of the parameter 
variables, with the exception of rangeability, will become clear as the types 
of designs are discussed. Rangeability is the ratio of the highest velocity 
to the lowest velocity of the flowing media. The highest velocity occurs at 
the largest mess flow rate and the lowest density while the lowest velocity 
is a function of the smallest mass flow rata and highest density. Since 
density of a media is a function of tsqperaturs and pressure range, range- 
ability can be considered as proportional to the ratios of separative, 
pressure and velocity. In the case of hydrooan gas, if the pressure is 
maintained constant and temperature varies over a relatively wide span of 
56 K, the density change can be a 3 to 1 change. Ocxnbining this with a 
mass flow rate from 1 to 5 Ubs/seoond gives a rangeability of 15 to 1. This 
is not considered high unless you plan to use an angular mcmantun type flow- 
meter in which case its upper limit is approached. The following ib a des- 
description of the two basic flowneter designs: (a) The inferential meter 

and (b) the true it js flowmeter. There are a multitude of variations on 
these two basic designs but only those five types included in the sixteen 
candidates are discussed. Three of these types were inferential mass meters 
while the other two ware true mass meters. 

a. Inferential Hass Meter- This mass flowneter design can also be called 
a mass metering systan sinos it requires the oonbinaticn of two inputs 
one of which is density ( fi ) and the other input is velocity squared 
(V 2 ) or velocity (V) . The drag body ca n dida t e design in which a drag 
target is deflected by the flow mm'ia is an exanple of velocity 
squared (V 2 ) measuring device. Sin e force (F) is equal to the co- 
efficient of drag (CD) tines the area (A) , the density (p ) , the 
velocity squared (v2) divided by two times the acceleration due to 
one gravity and if (g) ,Cd. A and 2 g are Known constants, then the 
output, force (F) can be reduced to density (/>) times velocity 
squared (V 2 ). In the turbine design, volunetric flow is a func- 
tion of the turbine rotor speed. Velocity (V) is measured directly 
as the turbine blade tip, wider movanant by the flowing media, 
passed either a radio frequency or magnetic pickpff. The pulse 
output then beams a direct measurement of flew. The output, 
velocity, or velocity squared of these two variations are multi- 
plied by density (/0) , the resultant being mass flow rate (M) . 

The oonputation and hanoe the necessary electronics are somewhat 
more oenplex for the reduction of v2 then V. By far, the most 
papular system and type is the velocity (V) indicator and in 
particular, the volunetric turbine in combination with a den- 
sity treasuring device. Tie density measuring device itself is an 
equal factor in measuring inferential flow accurately. It can be 
approached in several different ways. Some of the most noteable 
of these ways are the capacitance-dielectric, the preesure- 
tsnperature-data table (P-T-O) , the nuclear radiation types 
(beta and game) , the oecillator drag body (darping) , and the 
velocity oL sound and microwave transmission characteristics 
approach. CD All but the "P-T-D" approach can be called 
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dttiBitcneters he o BU Be there i® no nanu&l refersnot nB066®azY» 
the output can be in a direct voltage proportional to density. 

The raost widely used type of densitometer is the capacitance 
type in which the dielectric constant of the flowing nndia is 
measured. These devices usually are bo designed as to also 
act as a flav-straightener. A series of cylireiers within 
cylinders strightens and insures laminar flow while the gap 
between these circular capacitance plates measures varia- 
tion in dielectric constant, laminar flow is define! by a 
Reynolds number (Nr) less than 2000. Reynolds muter is a 
dimensionless ratio of inertia forces divided by viscous 
f cocas and low or no turbulence allows the measuring of very 
low l'lorf accurately. Flew straigh toners are not necessarily 
as important to other types of inferential mass mpters as to 
the turbinmeter. The total inferential mass rreter systan 
requires a velocity or v el o c ity square maasursnsnt, a density 
maasuranent physically located at or near the velocity measure- 
ment and in some cases, a suitable flow straightener to produce 
laminar flow. 

b. True Mass Flowmeter - There are two types of true mass flcMwters, 
both of which work on different principles. The first is the 
mcnentun type, both angular and linear, and the second is the 
thermal mass meter. The angular momentum mass flawneter utilisw 



Pram this expression, it can be seen that a maasurrnnsnt of mass flow 
can be obtained either by (1) holding the turbine spued constant and 
measuring variation in torque M - T/k or M oc T, sometimes called an 
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Bendlx facilities are quite large and extensive. They have their aw 
calibration facility far liquid cryogenics. Their engineering staff is also 
lrvolved ir. raro g propel la a. wegeoent itudias. [10] 

Potential options far future apace vehicle use shouud around the I,.. 

screen drag body concep t in use with a densitometer although the angular 
mcnentus device offers pronu.se for furt'er develc^aar.. . It would require 
extensive design in the area of the piccoff in order to withstand any exces- 
sive g load environment. 

Advantages of this type of drag body system are fast response, a iow pressure 
drop and essentially no mowing parts. The disadvantages that are Tuque to the 
Bendix force-screen flowmeter are the need *or a density tneasurunait, further 
development, especially in the area of flight chicle usage and redesign far 
high g force environment. In addition, v«ry little information is available 
on cryogenic operation at LH2 temperatures. As for two phase or cryogen 
gas mass flow near but below the boiling point of O 2 or Hj, no test data are 
available. 

3.3.2 Cox Instruments Division of Lynch Corporation 

Cox manufactures only one cryogenic flowmeter and it is a type one, t> bine 
and pickoff design. In addition, they manufacture two other designs, the 
"rota m e t er" and the variable reluctance spring loaded force spool meter. 

They are primarily noted for the mnufacture of primary weight type flow 
calibration benches . Those standards are used by the Air Force and others 
for calibration of fuel flow meters such as used on aircraft. They sure not 
suited nor intended for cryogenic uses but illustrate manufacturing capability. 

Ocx turbinemetei consists of a free-moving suspended rotor and a signal 
pickoff . Fluid or gas flowing through the meter makes the rotor aim at an 
angular velocity directly proportional to the rate of flow. As the rotor 
turns, the blades induce an alternating current in the signal picket f . 

The frequency of this signal is calibrated to be proportional to the rate of 
flow. An electrical coil, contained in the modulated carrier pickoff, farms 
part of a turned high frequency oscillator ci~xiit. As each rotor blade 
passes the pickoff, a change in coil reluctance occurs, resulting in amplitude 
modulation of the carrier signal. A signal conditioner sipplies the courier 
signal to the pickoff and tra n slate s the resulting nodulated signal into a 
constant 5 volt anplitude square wave with frequency p ropor t ional to volumtric 
flow rate. The stiength of the signal inproves signal to noise ratio and 
permits long distance trananission. 

In addition to the pickoff and the rotor assembly, the flowmeter body contains 
the inlet and outlet flow straighteners and the hub and bearing assoifcly. 

The flow straightener design used by Cox consists of six equally spaced verves 
rotating out to the periphery of the hody housing. The bearings are of the 
miniature ball type and are 440 C CHEF. [11] 
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3.2.1 Dmeitcmetar Daeigne and Concept* 

Vtwra a ease flow asMOwat is Mde inferential, density just be determined. 
Thie can be done in several ways. Probably the meet widely used and the rout 
straight forward abroach is to take a teperature and pressure reading wP 
c ompar e than with a density readout using a thernrptaysical properties data 
sheet for the particular media urdai : study. The primary disadvantage in tins 
a pproach is the need for nanuai manipulation. In addition, the tatperature 
a pressure sensors suet ba ace irately calibrated and stahle with time, 
mechanical strain and change® in the cnvirawent- Although this methoa of 
dmsity Masurnent does not really oonetitude a denaitaaeter per se, it is 
a o 3 i«oo ly i»od practice in measuring nass fl». The reed to transmit data 
via teleeetry results in this technique not being applicable to its use ly an 
orbiting vehicle. 

Five other techniques that car be used to measure density and for which data 
is available truly fit “he definition of a densitometer. In ewdi cast . these 
tectaiqims result in an output directly proportional to density and require 
no manual data interpretations. As in the f lometer itself, all the asso- 
ciated problmn* of caiibraticn and specific tailored results arc unique to 
each type of damitamter design. An inferred mm flew accuracy is deoen- 
,w upon the accurwy of the required individual measurements, in the case 
of the fluid density measuraaent, the accuracy can be difficult tc determine 
since density is calibrated in a static state tut used in a dyrwuc one. 
t*en the initial calibration is made, no flow conditions exist. Hxe'er, in 
uf-», density may be a moment to nssnl variable- 


ihese tactsiigues are Cl) the dielectric change in a fixe! capacitor. ,2) the 
vibrating vane, (3) the measurement of attenuation of gaoma rays or th e tau nt 
rate of beta particles reading of a nucleonic detector, (4) the measurement 
o f the velocity of sound using two quarts crystals as transmitter and re- 
ceiver, and finally (5) the propagation of a mienwove signal in a hemogeneous 
nadiun described by the attsntuation constant and the phase constant. lol Both 
of these are functions of the oceplex dielectric constant and hence, the den- 
sity of the merii m b . 

Of the six density measuring methods, three are not sufficiently develcped or 
have intrinsic problaas in their design. These three, the nudecnic attenua- 
tion «* ultrasonic and the microwave are not inferential i»ss candidates 
densitemaoers. The tagperature-pressure method is not a densitometer per se 
in that it does not read out in real time. TV renaming two, the capacitant* 
to density approach awl the vibrating vane all have had previous data to estab- 
lish their validity and are presently in use by candidate flcameter manufac- 
turers. Only tf* capacitance to density method has been used success, uily to 
iMscuie a cryogenic gas density although the data available is over a relatively 
short period of time. 


3 . 3 SURVEY RESULTS CF AVAILABLE DESICJ© 

The total rasmwr oi floMsetar manufacturers surveyed was 
■> € 1) These were reduced to a final sixteen candidates (Table 3.6.*). 
These sixteen ssmufactursrs range in capability from those that manufacture 
cymplex .taimttxm meters to those Who fabricate the relatively ample thermal 
meter. 
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Brwmnut Bxjinsaring was included in the followina detailed review turf on 
their past p e rfonaanoe on the Apollo Program [T)[ 8] Ttay presently do not 
manufacture a geaeoue mass floaetsr. One other manufacturer, Electro 
Development Oarp. , dose not presently manufacture a cryogenic f lowneter , but 
their new desiqp hae been formally proposed as capable of meeting cryogenic 
flaaieter requirements. 

Bach of thane sixteen manufacturers are discussed in detail with the follow- 
ing points being cowered: 


. Type and desist of system or systems 
. Inferential or true anas maasuromnt 

. Type and design at densitometer used if an inferential syston 
. Potential capability of measuring cryogenic mass gas flow and 
required effort to meet tliis potential 
. Disadvantages and advantages of each system (si 

The stujy by North American Rockwell personnel involved primarily a litera- 
ture search and data survey with no hardware being procured or tested. Five 
of the sixteen candidates facilities were visited while the other eleven were 
evaluated as to experience and capability using their literature. 

The sixteen candidate designs can be broken down into five types for analysis. 
Type one is the turbine and pichoff. As the turbine is rotated past the 
pickoff, it registers or induces a signal in the pickoff measurement to give 
mass flow (/Ov). Type two, the drag body, lnmerses a bending body with a 
target in the flow stream. A strain gage attached to the cantilevered beam 
changes a balanced bridge in proportion oo strain. Density ( /0 ) is needed to 
produce mass flow rate. Type three is a bluff body inserted into a flow 
stream. The sensor, which is enfcertdad into the bluff body face, consists of 
a pair of electrically self heated thermistors whose taperature and resis- 
tance very with the localised flow oscillations. Output is in the form of a 
pulse train, frequency p rop o r t ional to voiunetric flow, and, the additional 
mineiimiwiaii of density oust be nmde in order to give mass CM) flaw output. 

Type four measures mass flow directly. A true direct mass flow rate is 
obtainable with only one measuring device. In one case, an oscillat-ng drag 
body produces a (taping torque. The sensor danping ratio £ is directly pro- 
portional to mess flow rate (N) . The angular momentum flowmeters are also 
type four and "ensure mess flow directly. They use the basic principal of 
measuring the torque of a rotating element. Torque is equal to mass flew 
rate times the difference in impeller radii multiplied by the angular velo- 
city. Type five, the thermal mess flowmeter, also measures mass flaw directly. 
Heet rate transfer to the following madia is ccnpared to that of a hast sink 
or the no flow condition. 

The f lovmstar candidate systems are discussed in the following section pre- 
sented in vendor alpha/nxmerical order: 


Section 3.3.1 

The Bsndix Corporation 

3.3.2 

Odz Instruments 

3.3.3 

Eastscb inc. 

3.3.4 

Electro Development Oorp. 
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Section 3.3.5 

Fisher and Barter 

3.3.6 

Flow Technology Inc. 

3.3.7 

Faxboro Instrvmentation 

3.3.8 

Gnaral Electric Oo. 

3.3.9 

Hasting-Raydist 

3.3.10 

Honeywell Inc. 

3.3. 11 

ITT Barton 

3.3.12 

Quants® Dynamics Inc. 

3.3.13 

Ramepo CD. 

3 3.14 

Roecmotmt Engineering Oo. 

3.3.15 

Simons Precision 

3.3.16 

Therro-Systeras Inc. 


3.3.1 The Bendxx Corporation, Instrunenta & Life Seaport Division 

Bend.'>‘s candidate flowmeter is a type two drag body flcMneter that infer- 
entially measures mass flow. It is used with a capacitance measurement to 
give «r. inferential rotes flow output reading. The system ecploys a force 
re-balarvirc scheme in which the screen drag force is balanced against a 
force applied by attracting electrcmagnets. The change in dielectric con- 
stant is related to density and is obtained by monitoring a flow through 
capacitor placed in the flaw stream. [9] 

in addition bo tne drag body, two other designs are manufactured and oonmer- 
oaliy sold. Cnc, the variable area flcmeter, uses the force eooerted by the 
flawing media against a spring-restrained, rotating vane within the metering 
cnamber ‘jo balance the force of a calibrated torque spring. The vane assumes 
a definite angular position which is proportional bo flow rate. The second 
desiyi is an angular ormentuA mass f lometer and it is unique in that it does 
not contain a motor imparting angular mmentun to the flowing liquid. It 
consists of two turbines, a drive-turbine and a reaction-turbine, mechanically 
coupled through a spiral spring which acts as a constant weighing mechanism. 
The entire turbine assembly rotates freely, however, the spring restricts 
displacement of one turbine to the other to less than one revolution, the 
reaction turbine lagging the drive turbine. The anoint of lag is a f motion 
of flow rate. 

of the three designs, only the inferential force screen meter is rated by 
Bendix as a cryogenic mass gas or liquid flcMnetsr for use with hydrogen or 
oxygen. The other two systems are referenced for two reasons. One reason 
is that they illustrate Bandix's capability and another is that the angular 
nonsntisn type has definite possibilities for use as a true mass flowmeter in 
cryoqenic application. It was a simplified derivation from a partia 1 ly suc- 
cessful previously designed cr y ogen mass flowoeter for L «2 and LD;- The 
construction was nuch more acmplex because the drive turbine was motor driven 
rather than fluid driven and was actually subm er ged in the ficaring cryogen 
stream. The need to use seals and oenplex met;, is of bringing tie electrical 
leads from the submerged motor to the outs.de presents problems. These, as 
well as starting torque ability at lew tsnperatures, required abendonanent 
of the project after minimal success. This aonoapt does warrant further 
study and is mentioned in passing for the reader’s information 
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fte tan i»rrnn Owatar, whan om^ad with a densitometer, maanuroo ansa 
flew for cr y ogenic liquids, gases and transition points, ho annmntB 
of a fluid flowing through a pipe are ante, the i n tegr ate d drag force a a r ta d 
an a wire screen plaoad in the flow itta n and tha density of the fluid. Hie 
system employs a force-rebalancing echoes in which the screen drag f o rce is 
b alan ced againat a force applied to attracting alactroengnets. In dielectric 
fluids, the dielectric c ons t ant is related to dsneiiy by the Claueuie-Mbeeotti 
relation. The density naaaumnt is obtained by monitoring the dielectric 
ocnteiwt of the fluid with f lew-through capacitors placed in the flow atrane 
Vie electronic esrvo then aailti plies the two signals (density and drag force) 
to obtain true ness rate of flaw. 

In this type of itolgi, the hone y ccmb density platse also act as flow straiqh- 
tenars to insure a laminar flew condition and to eliminate as ouch as possible 
of the angular velocity ccapcnanta which night have been iaposa ri upon it due 
to disturhenoea upstream of the flowmeter (Figure 3. 3. 1-1). 



C "Caps cits nee n "Actual density 

D"DUtance between capacitance element JOialndicated dene tty 
AeArea V* Velocity 

£ "Dielectric constant (("constant 

k{ and k are constants lCfaActual mass flow rate 

(9) 

Figure 3. 3. 1-1 The Bendix Inferential Mae System 
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®* Bendlx facilities are quite large and extensive. They have their own 
calibration f acility for liquid cryogenics. Their engineering staff is also 
involved in re to g crtpalla-v. megement itudies. [10] 

Potential options for future space vehicle use shouul ctnar around the i. _• 

screen drag body concep t in use with a densitometer although the angular 
momentum device offers promise far furt'ier develc^ewr.; . It would require 
extensive design in the area of the pJcooff in order to withstand any exces- 
sive g load environment. 

Advantages of this type of drag body eystoa are fast response, a iow pressure 
drop and essentially no roving parts. The disadvantages that are 'migue to the 
Bendix forc e s creen flowmeter are the need for a density measurement, further 
development, especially in the area of flight vehicle usage and redesign for 
high g force envircrmant. In addition, very little information is available 
on cryogenic operation at LH2 temperatures. As for two phase or cryogen 
gas mess flow near but below the boiling point of O 2 or H 2 , no test data are 
available. 

3.3.2 Cox Instrtments Division of lynch Corporation 

Cox manufactures only one cryogenic flowmeter and it is a type one. c bine 
and pickoff design. In addition, they manufacture two other designs, the 
"rotoseter” and the variable reluctance spring loaded force spool meter. 

They are primarily noted for the n-inufacture of primary weight type flow 
calibration benches . Those standards are used by the Air Force and others 
for calibration of fuel flow meters such as used on aircraft. They are rot 
suited nor intended for cryogenic uses but illustrate manufacturing capability. 

TV- Ocx turbinanetei consists of a free-moving suspended rotor and a signed 
pickoff. Fluid or gas flowing through the meter makes the rot or atm at an 
angular velocity directly proportional to the rate of flow. A a the rotor 
turns, the blades induce an alternating current in the signal pickoff. 

The frequency of this signal is calibrated to be proportional to the rate of 
flow. An electrical coil, contained in the rodulated carrier pickoff, farms 
part of a turned high frequency oscillator ci'—uit. As each rotor blade 
passes the pickoff, a change in ooil reluctance occurs, resulting in amplitude 
modulation of the carrier signal. A signal conditioner supplies the carrier 
signal to the pickoff and transla t es the resulting modulated signal into a 
constant 5 volt amplitude square wave with frequency proportional to volmutric 
flow rate. The strength of the signal inproves signal to noiae ratio and 
permits long distance trananissian. 

In addition to the pickoff and the rotor aseentoly, the flouneter body contains 
the inlet anl outlet flow atraighteners and the hub and bearing aaaofoly. 

The flow straightaner dasifyi used by Cox consists of six equally spaced vanes 
rotating out to the periphery of the body housing. Hie bearings are of the 
miniature bell type and are 440 c CRB6. [11] 
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Ab the turbinametar output Is in volumetric (V) flow » density (/A) measure- 
ment is necessary in order to provide macs fb rate CM) . Cat does not make 
a densitometer and requires that the customer provide hu own density measuring 
system. 

Potential capability depends upon the development of .1 bearing design which 
oould withstand long periods of ’‘dry" operation and the establishment of 
suitable calibration facilities or corresponding test results. 

The calibration facilities at Cox were oriented toward hydrocarbon fuels and 
no facilities for cryogen calibration were available. Calibration facilities 
using water as the media were available; however, the position that a transfer 
or Tt" factor is applicable to convert these data to a cryogenic equivalent 
is highly questionable even within an acceptable tolerance ( <M) . [12] 

The advantages of Cox's turbine flame ter are typical to any of the other 
sewn turbinemeter ca n didat es . Several manufacturers use RF pickoffs rather 
tnan magnetic which in itself is only an advantage over magnetic drag at 
low speeds. TUrsinemeters are highly repeatable regardless of installation 
position, lightweight and ocmpact in size, and the output signal is digital. 
They require only a short straightening section and have a long history of 
successful cryogenic use. Their major disadvantages are that they need a 
density measurement for inferential mass flow and bearing wear due to over- 
spin or gas flaw nay present a problem. A carpar ; son of errors for each 
type of meter is mode in section 3.6.3. 

3.4.3 Eastech, Inc. 

A delta shaped bluff body type three flowmeter is installed with the bare of 
the delta facing ^stream. Fluid vortices are formed against the bluff body 
and shed off its dawnst"zam face in a regularly oscillating pattern. The 
frequency of oscillation is directly proportional to wlarrtnc flow rate, 
for either liquids or gases. Vortex shedding frequency is sensed by a pair 
of glass covered thermistors embedded in the upstream face. The thermistors 
are electrically hasted to a temperature above that of the flowing stream, 
and sense the oooling effect of the vortex shedding by changes in tatperature, 
and therefore resistance. Outpit is m the form of a pulse train, frequency 
proportional to volumetric flow. 

The Eastech bluff body flcvreter output is proportional to voluneoric flowrates 
and since it req>iires the measuronent of density, it is another exanple of ar. 
inferential mass flow meter. This type of meter is defined by tne equation: 

F .AC D aI 2 

2 2 * 

This output reduces t ofiv and oust be inferantially combined with the addition 
of a densitometer measurement to provide mass flow output as shown oy; 

/o£ a W l/v*” ■ V /OV a M 

The manufacturer's literature claims working temperatures fnxn "+400 F to 
Cryogenic" and "any and all liquids, gases or sluries". 
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Figure 3. 3. 3-1 B 


The E&stech Bluff Body Schematic 


A goad deal of information was noted as to onpabllltiea in minimis and isoxisum 
flow rates of gases and liquids at 60 Fj however, no information was found as 
to this type of flowmeter in actual operation at a cryogsr. liquid OH2 or lOi ) , 
a cryogen gas (H2 or 02 near its boiling point) or in tha transition 
point of hydrogen (2 - 5 K) or oxygen. [13] 

me basic design principle stculd work at relatively high flow rites of cryo- 
genic liquids and gases just as long as the shedding fraa the delta shaped 
bluff body is so strong that it varies the direction at tdiich the oncoming 
flown treads hit the front face. The major problem which would need to be 
answered would result from the addition of heat to tha flawing media by the 
self-heating thermistor and the resulting localised boiling and flashing 
that might probably occur. This would also probably be greatly increased 
as the flow rate decreased. 

Eastech flowmeter design is a relatively new concept, having beur. aomsmrc tally 
available sines 1969. Their experience in cryogenics involves only the use of 
U42 in tha oonmerical market. They haw no cryogenic calibration facility 
ml no experience in ■manuring cryogenic liqui d or gaseous hydrogen or t-tygen. 
Tar any future man on a space vehicle, extensive redesign and tasting would 
be necessary! however, the general design oonoupt is sufficiently promising 
to warrant further evaluation. 
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B» primary advantages of this type of flowmeter are stall overall nanufac- 
turing and installation costs, virtually no maintenance, and an all digital 
output, in addition, the ratio of frequency to flowrate (calibration factor; 
is governed by only two dimensions: the width across the bluff body's face 
and the inside disaster of the tube, inch in the same way ttat an orifice 
plate's coefficient is determined by its beta ratio. The advantage this 
brings tc the vortex shedding meter is that all flowetsrs of a given size 
can be built with the same ca li b ration factor, siaply by keeping these two 
distensions identical on all units. In the case of cryogenic .imosuretsents, 
t * 1B additional factor of coefficient of expansion changes would also have to 
be considered. (13) 

3.3.4 Electro Development Corporation 

Electro Development Corporation (BDC) manufactures a type four flowmeter using 
the angular manentun principal. They are primarily an "engineering house" 
specializing in avionics equipment, decentiy they entered the flowmeter field 
with the fuel flowmeter for the 747, DC-10, F-14, and S-3A airplanes. 

They are ’ ioensed by Elliotts of England to manufacture their flowmeter design 
and have integrated it with their electronics to form an angular momentum true 
mass flowmeter system. Although they have no cryogenic flowmeter design, 
fabrication or test experience, their flowmeter concept and previous engineer - 
ingwexpertise warrants evaluation. 

the flowmeter operates on the angular mome n t u m principle and generates two 
pulse signals which are time displaced an amount proportional to Che mass 
flow rate. These time displaced pulses are used to trigger a high f equancy 
oscillator "on" and "off" to generate a burst of pulses, the quantity of which 
over a finite time period is proportional to mass flow rate. The high frequency 
pulses can then be counted or used in a digital to analog converter to provide 
a display of flow rate. 

A cluster of straightening tubes upstream of the orifioe plate and pressure 
tape act as a flow straighbener to remove fluid swirl to minimize the effects 
of upstream piping conditions. 

The fluid to be measured is passed through the flowmeter which convert* the 
flow rate into two electrical signals. Itus is achieved by using the- mass 
of the flowing media to create a proportional angular displacement between 
two continuously rotating magnets. These magnets, which are driven by a 
synchronous 100 rpn motor, induce pulses in two stationary coils. The time 
differences between the pulse induced in coil 41 by magnet #1 and the pulse 
induced in ooil 12 by magnet 12 is a measure of mass flew. This time dif- 
ference is insensitive to the speed of the motor since slowing down the 
notes' also decreases the angular displacement between the two magnets. 

The pulse converter in the electronics unit converts the time between the 
transmitter pulses #1 and #2 into a rectangular p’lse width. 
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Bib fullwing is a simplified rapreeantation of the flowretar's basic function 
(Figure 1.3. 4-1) . The low speed motor drive continuously rotates a dras which 
is spring axjpled to an inpeller. The inpeller contains channels tiirough vhich 
nadia nuet flew. The larger the media flow rate, the greater the quantity of 
madia to which the inpaller net inprt angular momentum, and the greater the 
angular deflection of the coupling spring. Magnets l o cated on both the drut 
and the inpeller indicate the degree of this deflection by generating pulses 
each time they pass near stationary picknff coils, the time between the 
occurrence of the inpeller pulse is used as a measure of nadia flow rate. 




Figure 3. 3. 4-1 


Maes Momentum Meter Assembly 
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An advantage to this flowiater design is that it can bs used mounted external 
to the line with only on orifice acting as any obstruction. Figure i. 3.4-2 
ahoMs the seas flcMietsr mounted externa? to a 4 into diaraet main body. 

The flow at the liquid through the main body is accurately divided by a bypass 
line into the external flowmeter. Hie fundamental requirement is that a 
fined portion of the sain media be diverted into the external flowreter and 
that this ratio be constant over the entire flow range. By establishing 
fixed orifices in both the* floMaster and the mein body, this condition can 
be sat with some nail variations at the upper and lower flow ranges. The 
external flowmeter provides for adjustments of linear ratio changes. 



Pigut' 5. 1.4-2*" Flow Meter Installation 


Ths siss at tte sain body or if to* primarily detf-minse the pressure drop 

toe sain tousing. The pressure drop in the main orifice area determines 
tie flow rate through the flooster. 
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Figure 3. 3.4-3 stems the operation of the flowneter. Tte> media entering 
the flaeaetar is first passed axially between radial straightening vanes to 
re now swirl and other disturbances, the media is than passed through the 
rotating measurement assembly, this consists of a nul ti -vane ispeller, 
connected coaxially to a surrounding drum by means of a spiral spring. 

Die drum entirely shrouds the circimferenoe of the impeller thus eliminating 
any possible viscous drag on the impeller, the drum is rotated at a constant 
speed synchronous motor unit, the motor housing is supported in the center 
of the floienetar by wsbs, machined integrally with the body of the flowmeter. 



MECHANICAL SCHEMATIC: FLO* METES 


Figure 3. 3. 4-3 M Mass Meter Cutaway 
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As a result of the media p as ting through the annular apace in the measurement 
assembly, the inpaller is deflected relative to the drun due to the torque 
required to input an angular momentum to the media. Since the spiral spring 
has a linear terqua/daf lection characteristic, the deflection angle is there- 
fore a measure of this torque. This aamaws a constant angular velocity 
which la the case in this system since the motor speed is crystal controllw . 

It follows that the greater the mass flow rate, the larger the d ef lectio n 
□ensured by attaching msall magnets, two each, to drun and impeller circum- 
ferences 180 degrees apart and placing two pictoff colls on the outside of 
the nonmagnetic flowmeter body. As each ma^tet is rotated past its respective 
pictoff coil, an electrical pulse is produced in the coil. Ihe time displace- 
ment of the inpellar pulses relative to the drun pulses is thus directly 
p roportional to mass flow rate. 

the relationship between mass and time can be aean from the following theoreti- 
cal analysis: 

Let the inner and outer radii of the annular fuel dumber be and r 2 , 
respectively. 


i.e . , 


n “ drun angular velocity 
L “ inpeller torque 
0 “ angular deflection 
t ■ time between drun and impeller pulses 
M the mass flow rate 
torque - Force x radius 

ansa flow rate x tangential velocity x radius 
r rdr 

&n <i| - ij 2 ) 

and since n and rj, and rj are fixed, 

• • 

then L*k^ Hi where k A is a constant. 


— <MDP liM* 

• * l r 

- Mn I r< 

*\J 


If V 2 is the spring constant 
then k2« - k x m. 

Now tte deflection 0 is measured by the time (t) between 
electrical pulses. 

i.e., 8 -kyit where k^ is a constant 

k 2 k yit ■ k^ to 

i.e., Meet 

the anas fuel flow rata is thus only proportional to the pulse tlnm interval t. (14) 
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HDC's previous experience in measuring true mass flow of a hydrocarbon is 
insufficient to warrant its direct adaption to a cryogenic. If sufficient 
effort was made on a calibration facility and subsequent cryogenic testing was 
undertaken this manufacturer has the engineering capability to gustily .‘urther 
development effort. 

The primary advantage of this type flownetar is applicable as previously noted 
to any momentum functionary flownater, namely, true mass flowrate. The poten- 
tial disadvantages other than lack of cryogenic data, either gas or liquid, 
are: (a) the use of ball bearings in a cryogenic gaseous madia, (b) the use 

of O-ring seals used in the housing, (c) housing material being alisninum, .ini 
(d) a possible hydrogen o-torittlement problem in the use of a NiSpan spring 
(42% Ni and 401 iron) . 

3.3.5 Fisher and Porter 

This type of flowmeter is of the volumetric turbine type. Hie turbine rotor 
is mounted in the path of the fluid stream and is the transducing element of 
the meter. The fluid stream exerts a force on the blades of tht ‘urbine rotor, 
setting it in motion, thus converting the linear velocity of the process fluid 
to a precisely equivalent angular velocity producing rotor motion. The rota- 
tional speed of the turbine is proportional to the fluid velocity and hence 
to the volume flow rate of the stream. 

The rotational speed of tin ,tor is monitored by the externally-mounted pick- 
off assembly. TWo types of p.ckoffs are available on most Fisher and forbear 
turbine flowmeters. Magnetic and "No Drag" FP. The magnetic pickoff contains 
a permanent magnet and a coil. As the turbine rotor blades pass through the 
field produced by the permanent magnet, a slim ting action takes place inducing 
an a-c voltage in the winding of the coil wrapped around the magnet. A sine 
wave having a frequency proportional bo the flowrate is developed. The choice 
of RF or magnetic pickoff is depending on the rate of flow and the cryogenic 
temperature. At low speeds, there is a magnetic drag error effect using 
magnetic turbine blades. In addition, at cryogenic temperatures , sane blade 
material properties change drastically tewurd less strength. With the “No Drag", 
Ft' type pickoff, an oscillator applies a high frequency carrier signal to a 
coil in the pickoff assembly. The rotor blades pass through the field generated 
L/ the coil and modulate the carrier signal by shunting acticn on the field 
shape. The carrier signal is modulated at a rate corresponding to the rotor 
spued, which is proportional to the flow rate. With both pickoff s, the 
frequency of the pulses generated ceaomes s measure of the flow rate a rd -he 
total number of pulses measures total wlune. 

Since the output frequency of the turbine flowmeter is proportional to tlow 
rate, every pulse from the turbine meter is equivalent to a known volume of 
fluid that has passed through the meter; totalizing these pulses yields total 
volumetric tlow. Totalization is aooonplished by electronic counters speci- 
fically designed for UBe with the turbine flowmeters ; they combine a mechanical 
register with the basic electronic counter . (151 
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SIGNAL tltiQOFF COIl-OUTWT nCQUUCT 



Figure 3. 5.5-1 The Fisher And Po cer Turbine Meter 


5hi» Ha,nu/*cturer does not claim gas /low capability for this turbine meter. 

In fact, he states the change in state from the liquid (ci'/ogenic) to the 
gas form means a change in walume, which nay be as great as 100 times. -16] 

The turbine meter senses \relira change and this tremndou* wlune increase 
represents extreme over-speeding of the rotor, resulting in a short life and 
probable mater failure. 

Fisher wd tarter do not provide nor do they reocmend any particular type 
of densitometer. In order to obtain mass flow infarentially, the turbine 
meter user would have to provide his own density measurement ( /5 x V ■ M) . 

tta potentials cability, advantages and disadvantages are ttv. some as the Coot 
turbinameter. There appears to be little, if any, design difference between 
the Cox and Fisher and Porter turb inane tars. 

3.3.6 Flow Technology , Inc. 

The three types of flowmeters manufactured by Flow Technology. Inc. r are of 
the volumetric flow type. They operate on the principal of the rotating vane 
and either an HF or magnetic pictoff (Type \) . In the latter, the poor strength 
characteristics of magnetic material in cryogenics ia overcome by inserting 
oognetic neterial slugs in the stainless steel turbine blades . The drag error 
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is still prna e nt at low speed but the isiit has structural strength. The "'tandard 
turbinmuater is the primary design and differs little fra* previously c hissed 
desists. There is only one flat* str&ightener end it is located igstrv of 
the turbine blade. 117] 

No dmeitcmeter is provided so to determine mess flow inferential 1/j suet, 
a measurement would be needed. The basic desicpi is very similar to the Com 
and R&P turhinaaeters previously discussed and the advantages, potential and 
disadvantages are about the sene. The manufacturer dams capability m 
measuring liquids and qaees but no data have been located to substantiate 
this. As with each of the 15 floMaeter candidates, further investigation of 
this type of flowmeter design is warranted b ecause of their past proven 
experience in measuring voluoetric flow of liquid cryogenics. 



Figure 9. 9.6-1 The Flow Technology Turbine Meter 


J. 3.7 PoMboro Instnaaentation 

two types of flownetars are manufactured by Foxboro a turbineneter il8] and 
a mass reaction nanentim type. The turbineneter is rated for -150 F maxioun, 
uaes sleeve bearings and probably would not fmetion in a cryogenic gaseous 
OTviroraaent. It is only non timed to indicate Foocboro'a capability. 
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The aonvBrtsr/ total iaer uses period Beaair&«nt to ocowert the fix. tm ter 
sipial to eoee registration. This is aade possible by utilising the inverse 
relationrtiip between frequency and period. 

T ■ i T - flowaeter signal period 

f « flowneter signal frequency 

Substituting this relationship into equation lb provides a direct relation- 
ship between mass flow and flc—etar signal period 



Circuit logic is designsd to measure the transmitter period (T) , irtiltiply 
by the transmitter constant (k) , and produce a driving signal for counter 
operation. 

This meter hat beer, used a great deal in ' e cryoget liquid transfer field. 

The meter is position-sensitive and designs fv«. only vertical (+10 degrees) 
use; therefore, its use on airborne equi(«nent is questionable. In addition, 
there axe no data available or its use as c true mass gas flowneter. The drive 
motor is mounted exterior bo the flowing cryoge n ic and in conjunction with a 
hysteresis drive is oomected to a single axial vaned lapeller (Figure 3. 3. 7-3). 


PICKUP COIL 



Figure 3. 3. 7-2® The Foxboro Max Meter !natallat>on 


Tbrque is maintained constant and the inpellci speed is varied inversely with 
the mass flow rate. A measure of the impeller speed is a measure of the mass 
flow rate. This schane has the character i at ics of high resolution at low flow 
rates are) decreasing resolution as the flew rate increases. The basic angular 
tne mass design warrants further investigation for use as a true mass 
cryogenic gas f lc*reter . 
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3.3.8 General Electric Ocapany 

Th “ flo>» isaaaurnwant system developed by General Electric is an angular uo- 
rantan deaipi (type four) i loans tar. It consists o£ a riossmter tranesitter, 
an indicator, an electrical power source, and associated oabl'ng and ptatoing. 

flcMtttsr transmitter is ccepriaed of two o apc naita — a priasry dStBC tOf 
and a bypass eluent. 

tha primary detector senses anguUur-nomenuei rate, which is dependent upon 
mss rate of flew, its fustian is to generate an electrical voltage signal 
proportional to the true mass rate of fluid flew. The bypass is a conventional 
orifice plate in a main pipeline. The purpose of the bypuss is to divert a 
fixed fraction of total flow from the sensor. 

The flew senear comprises seven basic elements — two rotc*"a, a restraining 
spring, an elactrorachanioal plctaff , a drive mechamsn, a flow cha m ber, and a 
housing far the electrical oesponents. 

The primary hydraulic eluents are two similar axial flow rotors di.^rvnd 
end-to-end within the fluid chaste (Figure 3. 3.5-1) . 



Fi|ui« 3. 3.8-1^® The General Electric Maes Flow Meter 
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The upstream rotor is an inpellar that inparts constant angular rcraer. tun to 
each unit mass of fluid in transit. The downstream rotor is a spr ire-. _*s trained 
element that raowas all angular momentum f ran the fluid, in consequence of 
Norton's third Ism, the fluid exerts a mechanical torque that is in precise 
linear proportion to mass flow rate, independent of density, viscosity, or 
any other physical property of the fluid or environmental condition, Tht- 
dcvnstrearo rotor is restrained fay the spring to deflect proportional to 
torque. Hie pickoff operating in conjunction with the downstream rotor 
generates an ac voltage proportional to deflection. 

The fundamental equation relating the transmitter output signal to the flow 
is as follows: 


V = kjtfaiVk, 

where V is the transmitter output voltage. signal, kg is the ratio of fiow 
through the sensor to the to tel flow, M is the total mass rate of flow, 

P is the impeller flow passage radius of gyration, UJ is the mpeller angular 
velocity, kv is the pickoff voltage gradient, and ks is the turbine restraining- 
spring constant. The equation is general and holds for any consistent unit 
system. It is a direct statement of Ne •'ton's law under steady-state conditions, 
incorporating necessary physical oonsta. > a of the oonponents contributing to 
the measurement. 

The function of the bypass element is the same in principle as that of a shunt 
resistor in paral . 1 il with a iiillivoltmeter in the measurement of electric 
current. The basic operational requirement is that the division of flow 
Detween sensor and bypass be in constant ratio. Hydraulic design mist be 
sucdi that the flow rate to pressure drop ratio of the bypass element and 
that of the flow sensor are equal over the operating range. This condition 
obviously would be met if both elements followed precisely the square law of 
pressure drop versus Reynolds nunber. Both elements deviate slightly from 
the square law, but they deviate by equal anew ts. C o n sequently, the division 
of flow is cor*' mt to a high degree of precision over the entire operating 
range. 

An important design factor is maintaining turbulent flow conditions in the 
sensor and bypass over the operating range. Otherwise a precisely constant 
division of flow would be difficult to maintain over the transition region. 

Fluid turbulence prevails in the sensor fluid chamber at all flow rates, even 
zero, by virtue of continuous uipeller motion. Over any practical flow range, 
turbulence in the bypass can be maintained through proper selection of pipe 
and orifice dimensions. 

Additional latitude of bypass dimensional control may be obtained ,y intro- 
ducing a second orifice in the flow sensor piping. The flowmeter is designed 
to incorporate the second orifice, although test data indicate that it is 
not a functional requirement vtere only a snail fraefon of total flow 
passes through the sensor. 
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In hydraulic and mec h a n ical design, the hypees element is a staple, rugged, 
ard highly reliable structure. It carriss a large fraction of total flow, 
thereby relieving the flow ponoor of a substantial burden. Bus permits 
standardising tbs flow sensor design for use with flOMvtere cowering a wide 
ran^ of flow cap ac i ti es and fluid pnoportiae. Tbs range in flow cap^itias, 
without BDdifying the sensor or sacrificing perfotoeenoe characteristics, can 
be as lew as one lWeec full scale, and there is no igper l_.it. Except far 
poesible secondary effects an pressure drop, there are no Imitations on the 
diameter of the aain pipeline. Different flow capacities and pipe disasters 
are avemu htad through orifice design. Ex t-ene versatility. reduced size, 
v*°iqht, and cost, and hi#i re li a bili ty are significant advantages realized 
through '-’se of a byoass elonent in conjunction with this ness rate-of -flow 
aoisor. 


Particularly claw attention is given to mechanical and hydraulic design of the 
sensor to obtain optinun performance. Spurirus vortices and cavitation are 
inhibited through flow passage contours having no abrupt changes in direction 
or area. Secondary effects on linearity due to flow passage irregularities 
and fluid oouplirg phenoeena are suppraeoad by means oi balance of ispeller 
speed and axial fluid velocity and through flow passage geometry (Figure 
3. 3. 8-2). By subdividing the inpeller flow passage with a multiplicity of 
thin-walled tubes, the effects of fluid coupling axe made negligible. 

Rotor axial misalignments are minimized by mounting both rotors on a ocranon 
shaft through precisian hall bearings. 



F igure 3. 3. 0*2 


eo 


Cutaway View of the Mae* Meter 


- * - SD72-6hr0156-2 


REPRODUCIBILITY Of THE ORIGINAL PAGE IS POOR. 


Space Division 

North American hockwel 


“Hie sensor outjxit signal is generated by a brushless position-to-voltage 
tzansAner. Operation is equivalent in principle to the well-knoMi differen- 
tial transformer. The pickoff element in the fluid consists of two symmetrical 
ee^sonts of a lamina tad hollow, soft iron cylinder rigidly mounted on the 
downstream rotter. The stator, radially symmetrical and concentric with the 
downstream rotor, cceprises four salient poles of laminated soft lmanda 
magnetic flux return peth. It also carries all ooils associated with tne 
pickoff. Although the rotor is exposed, the stator is located external to 
the fluid flow, separated from it ty the flowmeter casing. 

The upstream rotor, or inpeller, is driven at a relatively low, prec is i an- 
con trolled constant speed '240 rpm) by a two-phase synchronous motor. The 
entire mechanism includes a cylindrical permanent magnet rotor that is an 
integral part of the impeller and a stator mounted outside the fluid chanter. 
Electronerfumical functions of the flow sensor fall in two categories — 
maintenance of constant mpeller speed and detection of angular deflection of 
the pickoff rotor. The motor drive and pickoff signal power are transmitted 
by magnetic fields through walls of the fluid cfus&er. 

The use of this type of flowmeter in gaseous service on a continuous basis 
is subject to further study and specific detailed testing. Erosion due to 
prolonged exposure and ball bearing failure are two problems not fully 
understood. The use of O-rings or silver-plated inconel chevron rings and 
iiermetic seals such as inert welds are a subject of further study -f this 
design is to be fully developed. Test data have been accumulated during two 
pt-ase flow and although accuracy decreased, the flcwneter continued to 
function. This information was obtained ever a short tune span and considerable 
.KXiitianal testing would be necessary to validate the design for continued 
gaseous cryogenic fl-xw. 

3.3.9 Hastings - Raydist 

The Hast ings-Rayd ist mass flowmeter is an exanple of a type five thermal flow- 
meter . It is predicated on the principal that mass flow car. be inferred Iron 
the change in terperatures of a stream subject to a known heat flux. Several 
ted ungues can be enployed, one of which consists of an electrically heated 
tube and an arrangement of tnentccouples to measure the differential coating 
caused by a fluid passing through the tube. Thermoelectric elements cenerate 
dc voltage proportional to the rate of mass flow through the tube. 

In the heated tube system fluid passes through a tube, uniformly heated by a 
transformer. The tanperature distribution about the mid -point is symmetrical 
at zero flaw, so that thermocouples TC-1 and TC-2 cause a null readout 
(Figure 3. 3. 9-1). 

Fluid passes through the tube, and tanperature distribution becomes asymnetrica 1 . 
For a constant power input the differential thermocouple output indicated on 
the meter is a function of heat capacity and the mass flew through the tube. 
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Figure 3. 3. 9-l83 Man Flow Motor Schematic And Flow Relationship 


The relation between the rata of flow of fluid and the hoot input is expressed 
by the following equation: (23] 

H, - MCp ^TC-2) - (TC-lj 


vtwre Cp 
Ht 


T 1 iT 2 
if 


_ 

Cp - <T-lj} 

apacific h jt ol ti» fluid at oanstant pressure, BTO/lb/F 
heat energy applied by the heater, B rc/ooc 
entrance and exit temp respectively, F 
Biass flow rate of the fluid in U^eec 


Theoretically, this general type of thermal flowmeter should be able to 
maeoure liquid as wall as gas flow. In application, gas has been the measured 
madia flowing. No data have bean found where this particular manufacturer’s 
flowmeter has been used to measure mass gas flrw at a temperature lass than 
0 P. Errors due to ambient temperature changes and pressure fluctuations can 
be as great as 2 to 3* over a 120 P temperature and 250 to 1500 psig pressure 
range. 


Althou^i no cryogenic gaa data are available, it can be assured that the basic 
hast transfer principal is applicable to this particular meter. Establishing 
the validity of this statement would require extensive testing using several 
cryogenic cases at a variety of tenperaturse ranging fraa just above the 
liquid boiling point to aero degrees. 
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The as; jar advantage of a thermal type ness flownebar is that its output is 
in nass directly. Its disadvantage is the lade or data in a cryogenic gas 
application, lbs potential capability is sufficient to warrant further 
investigation and certainly calibration using a gaseous madia such as nitrogen 
at or near -300 F. 


3.3.10 Honeywell, Inc. 

the Honeywell mass flowaeter uses si oscillating drag body in a second order, 
linear, soring ness systemu The Lystesn doping is applied by the mess flow 
rate of the fluid, and the reaction between the fluid and drag body is 
electronically monitored to accurately measure mess flow rate. Figure 3.3.10-1 
illustrates a simplified model of the sensor. 



Figure 3.3.10-1®^ Mass Meter Schematic 


The meter consists of a drag body, torsional spring, torquer, rate sensor, 
and signal conditioning electronics. The drag body is placed in the flow stream 
arrl is electronically forced into torsional oscillation. This oscillation 
is danped by the flow and the amount of dapping is linear with mass flow 
rate, ao that danping is the parameter measured. The torsional spring senms 
to determine the frequency of oscillation and also serves as the drag body 
support so that bearings are not needed. The torquer is used to force the 
oscillation. The rate eanaar senses the oscillation. The signal conditioning 
electronics, drag body, torquer, and rate sensor thus form an elec t romechanical 
oscillator. The signal conditioning electronics utilise an automatic 7 a it 
oontrol (NX) technique to maintain sinusoidal oscillation and to determine 
danping. [ 35 ] (Figure 3.3.10-2). 
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^■SYSTEM NATURAL FREQUENCY 


Figure 3. 3.10-2®^ Man Mattr System Diagram 

rimiAar a drag body about 5/8 of an inch in diameter placed perpendicular 
to the flow stress and suspended about the axis of rotation. The mode of 
operation is to rotate the drag body about this axis of rotation in an 
oscillatory manner as described in the following equation: 

0i0 o coiwi (1) 

TO describe the effect of the fluid on this motion, it is assured that the 
axis of rotation divides the drag body into two sections, each of tdtich acts 
as an independent body. The well knout drag force law of Equation (2) is 
applied to each half. 

F D eACDiOV 2 (2) 

2 

Due to the forced rotation the velocity of each half of the plate relative 
to the fluid will be different, videlicet, one will be V ♦ r Q and the other 
will be V - r© . If V is always gre ate r than r 0 the torque acting an the 
drag body is given the following equation: 


T • r(Fl - F2) (S) 


• **C DP [(V ♦ r&) - (V - re 2 }) <«) 
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Expanding the tamo in Equation (4) and sinplifying, results in the following 
expression Car the (hoping barque: 

T • 2r 2 C!>A /o V© (5) 


The mass flew r ts is defined by, 

msA p/ oV It) 

so that the duping torque can be written as. 


Td ■ kr 2 C D m9 (7) 

2 

Since r and Cq are parameters of the drag body and mist be kept constant 
for proper meter operation the barque equation can lie further siirplified 


(C * r 2 Cp) 


Tq * kCm© 


( 8 ) 


Equation (8) illustrates the fundamental relationship between the danping 
torque and mass flew rate. This equation is used below to establish the 
characteristic equations that describe the flowmeter. 

lb completely characterize the fla^aeter, a spring torque and system inertia 
must be considered. The inertia adds a term I 0 (the torque motor inertia is 
added to the drag body inertia) . Since the drag body is restrained by a 
torsional spring so as to be perpendicular to the flow stream, a torque berm 
of k© is also added. The differential equation nhich describes the system 
can thus be written: 

I© ■ (kCm)0 ♦ k© ■ To cos to t (9) 


Equation (9) is a classical second order, linear equation and can be written 
in LaPlaoe Notation as. 


T * k +**2 lunll ui 1 1 01 

£ a kC ml i/kf 

The flowmeter is thus equivalently described by the differential Equation (9) 
where the flow rate is proportional to the damping term ar by the transfer 
function (10) where the flow rata is proportional bo danping ratio. (26] 

The basic design of the linear manantiza florae ter requires no bearings or 
rotating eaters. Also, no slip rings or wear surfaces are present. 
fw-i n.Mr«« axe restricted to lues than 1 degree by the torque motor and 
torsional spring. 
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the torque motor Is an inductiw davioa with both torque and position 
windings on the sane stack. Thus it provides input torque to the system and 
reads the output at the same time. 

The torsional spring is a quadra Lever developed for gyroscope applications. 

It ie Linear and taiperature stable as well as rigid whan subjected to side 
loads. 

The primary advantage of this design type is that it measures mass rate directly 
and therefore eliminates the buildup in errors and aoeplex circuitry require- 
ments of an inferential floMneter. 

Principal disadvantages are » Reynolds number limitation of greater than 
11,000, a rather large powe. oonsunption of 3b wet s under maxinun flow and 
a null shift of 40 mv frets air to U<2 at one atmospnexe. In addition, the 
present oonaept is inacrpatible with oxidizers and a flow noi i problem 
requires further study. [25] 

The present cryogenic data available are insufficient to really establish 
the florae ter capability for cryogenic use, and no data are available an 
two-phase or gaseous mass flow measurement, "he present design will in all 
probability not function in gaseous flow at low rates. The design is unique 
enough to warrant further study. 

The facilities at the Honeywell Aerospace Division are quite cmplete and 
although they do not have a cryogenic test setup, they do have s. flow bench 
using hydrocarbon fuels. The Honeywell corporate resources ana in support 
of this project, and it will undoubtedly be available in the I -cryogenic 
military and comercial market in the near future. [27] 
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3. 3.11 ITT Barton 

Hie Barton turbine flomatar design is a type one flowneter and consists of 
a rotating vane and magnetic pickoff. The flowneter design group 13 ccn- 
prised mainly of former “Pottermeter" personnel and represents over twenty 
years of f lone ter design and manufacturing capability. USJ 

l" this design the rotor is suspended on a sleeve type tungsten carbide bearing 
between tan flaw straighteners which consist of three bodies of equal dimneter, 
Hie pickcff coils fall into two basic categories; reluctance and inductive. 

The reluctance or active coil consists of a magnet and coil of wire placed 
in proximity to the rotor blades of the turbine meter. The inductive 
passim pidcoff coil is similar to the reluctance coil except it. 
this case it is the magnet that actually moves and produces the varia- 
tion of the magiietic field. The inductive coil is employed when the 
corrosive characteristics of the fluid (liquid or qas) are such that the 
raa 9 hetic series of stainless steel cannot be used. A corrosive resistant 
■haterisl is used and a magnet is encapsulated within the rotor genera t. no 
a signal within the external inductive pickoff ooil as the rotor turns. As 
noted above, a sleeve bearing is used between the shaft and rotor Th.s 
bearing sees little or no thrust due to flow and is actually in a nu.l posi- 
tion re'ative to downstream thrust. A series of hales in the hub sets up a 
differential pressure across the bearing which induces a counter current flew 
equal and opposite to flow. The rotor consists of a hub into which are Ur 
seroed blades. The nutter of blades and the measured flowrate estati;sh the 
resolution of output. The rotor aits on a shaft with the flow straightsrers 
and the upstream and downstream diffuser on either side. 

A separate vibration-type densitometer is used in combination with th< volu- 
metric flcwtecer to give an output in tress flow. The densitometer is made 
tp of a thin vane symmetrically positioned within a thin-walled cylindrical 
support. The vane is driven at its natural frequency by means of a rerutely 
located driver and detector, causinq the fluid surrounding it to be accel- 
erated by its motion. The reaction of the fluid trass causes the vane to 
oscillate at a frequency which is a function of fluid density. Theiefore, 
density (fl) times velocity (V) is equal to tress rate of flow (M) . 



I?9) „ 

Figure 3. 3.11-1 ITT Barton Densitometer 
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This type dtoaitcnebar may be used In either static at dynaiic applications* 
and such factors as fluid "1 a*, pressure, benperature and viscosity have 
virtually no effect on its measurement precision. Because of their nachani- 
ael and electronic sinplls-ity, vibration-type densitometers are nail suited 
far many density measuring applications, including those of flowing fluids. 
Their small size and weight, accuracy, sensitivity, and fast response are 
significant positive features. Vibration- type densitometers can be used in 
both dynamic and static fluid applications. Further, tiny can be used in any 
ary position, on earth or in deep space, pip lines, tanks or other vessels. 

It offers mininun obstruction to flow and transfers a minima amount of 
energy to the liguld. 

The equation ( + B ) describes the basic finction of all 

vibration- type densitometers. This relationship can be exploited in a 
practical measuring device by providing a means of maintaining e oscil- 
lating plate at its resonanoe frequency as required. 



Figure 3.3.11-2 ITT Barton Densitometer Detector Schematic 


A detector is positioned such that is senses the mechanical diaplscmnant of 
the plate and praduOM an electrical signal which is proportional to the dia- 
plaovasnt. This signal is than aeplified and furnished to the driver which, 
in turn, inserts a mechanical driving force to the plate equivalent in fre- 
quency to the detector signal. Since the plate will experience the largest 
displacement whan it is driven at its resonant frequency. By means of a 
‘closed loop positive feedback" technique, an electrical signal is produced 
whose frequency is equivalent to the mechanical resonance of the plate. A 
measure of this frequency provides a measure of fluid density. 


ITT Barton has two additioril advanv ,<rs over others mentioned; U» null 
thrust bearing and the uae and experience of manufacturing their cun densi- 
tometer. 
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The disadvantage of BC MB im bearing wear appears to be negligible due to 
the previously mentioned patented design Wuch seta ip a differential pres- 
sure across the bearings. The need for a densitometer reading is still 
aoneUiat of a disadvantage but since ITT Barton has the design experience 
of such a aeter, the inpact ia not as great as those flometers maraifacturers 
that do not have this capability. 

Flowmeter calibration equifswit using water is available -t three test stands. 
The total flowmeter facility is approximately 20,000 square feet. Mo cryo- 
genic facilities are available for either liquid or gaseous hydrogai or ooggsi. 
as noted before, little or no cryogenic test data for a liquid using this 
meter is available and none is available for mass ga: Tyogenic flowrates. 

3.3.12 Ousrtnmoynartu.es, Inc. 

This ia a snail laboratory type floweeter auipany which manufactures a tur- 
bine type vane ispellar utilizing an BF type picfcoff. The velocity of the 
fluid rotates the vane xtuch interrupts the BF signal, the resulting pulsed 
output is proportional to flow. Several unique characteristics of this de- 
sign are the use of a dual turbine setup sduch allows relatively no bearing 
movement or load infer flow arxl the use of an integral capacitance measure 
ment to give an output of density proportional to dielectric acrotant. 

The President of Quant un pynau.es (Q.D.) is Dr. Fredrick Liu who has pub- 
lished a number of international papers and is considered an authority on 
various phases of cryogenic flow phenoaena. The Q.D. facilities are fairly 
small, consisting of primarily a test lab, machine shop and an electronics 
design assembly area. 130 i Although nail, the facility capability in design 
and fabrication sees to be dots than adequate in regards to the flotaneter 
design and the electronics associated. Calibration facilities are available 
to establish the flowmeter characteristics either using the actual media or 
approximating it. 

As previously noted, Q.D. flowoetar design utilizes several umqti principles. 
Two sets of rotating blades, main ted to a single shaft, result in a near flow 
uqpedanoe match. An “indicating* turbine rides ‘piggie back* on the rotating 
shaft of a slave turbine. 0b Roth turbines respond to the same flat at 
approximately the sane spaed so the relative motion between the indicating 
turbine and its bearing shaft is maintained at near zero level. A near zero 
inpedanoe zone between the two turbines is created. This then reduces the 
retarding force to a constant mininwn level over an extremely wide range of 
flowrate. Besides long bearing life, this results in exceptional response 
sensitivity and two well matched inpedanoe zones in the flow field — a 
feature which is highly beneficial from the fluid-dynanucs standpoint. 

(Figure 3.3.12-1) The sensing pickup does ict opera*- un the principle of 
magnetic frequency pickup and as such, does not sof ft. from the resultant 
nwgnetic draa errors. It instead operates at magahertz frequencies which 
mparts no retarding force to the movaien t of the turbine. This pickup uses 
a aervo-oon trolled electromagnetic wave absorption principle. Free frem 
tenperauire depen d e n t magnetic aoipling, the cryogeruc pickip cam be used 
as effectively at taiperatures of 10K as at 300K. 


- SD72-SA-0 156-2 


REPRODUCIBILITY Of THE ORIGINAL PAGE IS POOR 



Sputa OMrton 

North Amar*anRn«*v«l 



Figure 3.3 


.12-1 ^Qua 


ntum Dynamics Turbina Mater Cutaway 


By adding a density measuring device to the fig motor, a mass flaw system 
osn be produced The rawniwmnnt of dielectric properties of the media is 
converted to a direct indication of dnsity. The density measurement sec- 
tion, hereafter referred too as the dielectric- to-dansity converter (DOC) is 
based on the sensing of the dielectric constant of the fluid, but the 
n oac ur od density (A) is obtained by on-line electronic aenputatien of the 
dausimn Moeso t ti ratio ( € - l)/(€+ 2) which is shown by the Lorentz mecro- 
eoopic dielectric theory, and subsequently by the Debye equation, bo be a linear 
Auction of density, [ill The presmt GDC is a concentric cylinder with 
Mueld ring dsaispi. Its dielectric meuroaant circuit operates at ratio- 
frequency and ge n er a t es s 0 to 5 volts analog electronic output Milch is 
directly proportional to the fluid density (Figure 3.3.12-2). 


The DOC used in ness flew nsHsinniMif eesantially measures the average den- 
sity integrated over a designed length of fluid oolisst. The dinars ions of 
the cylindrical capacitors thus determine the dynanic res pense of density 
sensing. However, for local sensing the electronic laepon s e of DOC osn be 
Bade extremely fast. 

The dielectric sensing device is fabricated as a series of rings and can be 
an integral part of the floeaetar. The totalized zystae output may be in 
either mess flew, volinetric flow or both. 
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Figure 1. 1. 12-2 Quantum Dynamic » Inferential Mass System 


Quantum Dynamics' primary advantage is their approach to the design and manu- 
facture of a mass flow measuring system. Material selection and fabrication 
excellence is backed up by careful theoretical calculation and finally empiri- 
cal testing • p done to verify the basic design. The concept of using a turbine 
meter and a capacitance densitometer to determine mass flow inferential!/ ia 
net new. two other manufacturers use the sane approach. The implementation 
of the ocnoept is most unique, however. The turbine-meter bearing design, 
which is based on the Hetroff-Sosmerfeld theories 138 eliminates the prune 
problem of bearing dnage due to high gas velocities which has bean a major 
problem of the turbine meter design. Quantum Dynamics ’ data accumulated on 
the transition phase ot LH2 from a liquid to a gas (2-23K)i32lis the only 
information to be fourd on this subject. The disadvantage of Q.D.'e systmn 
is that it dees not measure mass fbv directly but inferential ly and therefore 
requires a ccrplex measuring sy= tarn. 
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3*3.13 Renapo instrument Oo. 

the Raaspo Instrument flowreter is of the fixed area or drag/target/design 
(type two) . the ament of the following fluid against tte target deflects 
a cantilevered bean to vhich is attached one leg of a balance strain gage 
bridge, the construction is sisple with no awing parts necessary and the 
remits are a ample rugged flowmeter. (Figure 1.3.13-1) The output is 
proportional to strain and equivalent to ^ 0 v 2 . 


Faroe » CpA/O V z wherein 

C othe drag coefficient is a constant depending on the configuration of the 
drag body, the beta ratio and the lines' Reynolds number. The area A and 
g are Known con s t an ts. Qj) 

To extract mass flaw from this type of flaoeter, an inferential method oust 
be used. Since the output signal of the flowmeter is a „2, it can be made 
to yield mass flow fay making an in de p e n dent measurement of fluid density 
( M ) , perforating the division pv*//0 »y 2 • extracting the square-ro o t of 
m2 to give v, and finally multiplying 'p by v to yield mass flow- (M) . This 
requires a somewhat more complect electronic integration of both the densi- 
tometer and flowneter signals. 



(3*1 

Figure 3.3.13-1 Rariapo Drag Body Volumetric Mater 
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Ranopo does not posses this density measuring capability and only manufactures 
and provides the flcMsetsr. 

No information is provided by the manufacturer as to his cryogenic calibration 
capability. 

The advantages of this type of drag body design flowmeter are sirple construc- 
tion and no moving parts. The primary disadvantages are typical bonded strain 
gage teeperature errors, a lack of cryogen data and the necessity for a den- 
sity measureaent in carder to obtain mass flow. 

3.3.14 Rosemount Engineering Co. 

Hosemxmt does not at present manufacture a mass gas flowmeter, however, since 
they represent the only thermal type flCMoeter actually used in a uiractical 
application, they are presented for their historical information. 

Hiring 1964, North American Ftockvrll established requirements tc measure low 
rates of mass flow of 1- and 02- Ambient taipe^atures of -65 F were expected 
anc the low gas temperatures sere -125 F and -175 F for tte 02 and 112 res- 
pectively. Each transducer shipped free. Roscmount went tiirough a complete 
calibration at the above noted limits prior to delivery. All hardware per- 
formed within tolerance !± 5% ) ’while mounted and used in the rather limited 
t-ai-t location Q<D Subsequent test at NP after qualification was cc uncover 
cu rtiari inherent design deficiencies. The transducer which included the 
. lertronics am the tliemnal flow gage, was attitude sensitive, pressure 
• ^uige sensitive, media, vibration and shock sensitive, ron-linear m output 
j.,1 thermal neat xansfer sensitive between the case and the mounting sur- 
faces. Most of tic above problems could have been resolved with seine oasic 
i adosign of the unit. As it finally tumai out that the sensor in use actually 
s» a much r.oro mild environment and was located on a horizontal plane between 
two fittings, no redesign became necessary. The final measuranent configura- 
tion performed well within the final accuracy requirements of tic*. [37] 

-osanount’s design of a mass flow sensor consists of two identical self-heated 
resistance elements (refer to Figure 3.3.14-1). These el«nants differ only in 
tint one element ^A) is allowed to transfer heat to the flow medun while the 
other element (B) is not. The transfer of heat from elanent A is a function 
of the thermal mass flow ratetCpX) V) Q f the medum being measured. Where- 
Cp is the specific heat,yO is the ctensity and V is the volute flow rate. The 
temperature (and resistance) of element B is not influenced by the thermal 
mass rate and is representative of the no-flow condition. The identical de- 
sign of both elements should cancel out ary other influence which .-iwy affect 
the output directly, such as the heat conduction through the case cf tf*> 
sensor. 

The resistance of both elements are co-par ad m a bridge. The results of 
this ooiparison are likewise a function of thermal mass flow mte (CppV) . 
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CONTROL. CIRCUIT 



[hoi 

Figure 3.3.16-1 Thermo-systems Thermal Mass Meter Schematic 


Ttie temperature compensating element is adjusted to give a constant voltage 
versus .ness flow output from the control circuit even though environment 
temperature changes. It does this by changing sensor tarperature in a man- 
ner to account for both changes in tenperature differences (t s - tg) and 
changes in tenperature sensitive fluid properties. 

For a given fluid media, the sensor measures local O v. Its position in 
tne center of the nozrle allows an accurate and highly repeatable deter- 
mination of total mass flew independent of tenperature and pressure; variations. 

Two outputs are provided. One output is the non-linear signal directly fron 
the bridge circuit, while the sreond output is linear with mass flow. 

The flow transducer hrs a heated platinum film sensor on a support locatec' 
at the throat of a smooth venturi. A quarts coating over the platinun fiLi 
provides protection to the sensor. Inlet screens straighten flow and trap 
large particles. in clean fluids, the screens can be removed for lower 
pressure drop. The transducer has no moving part* and will withstand high 
levels of shock and vibration. I 1 *' 1 (Figure 3.3.16-2) 
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It should be noted in the d efin i tio n of W that L, k, p, Cp and A are constant 
for a given fluid and sensor at a given temperature and pressure, hence, the 
parameter W is proportional to the mass flow rate. 

The principle of operation of the RBC Thermal Mesa Flow Sensor is based upon 
laminar flew through the elements, and also dictates that there will be a 
sensitivity reduction at high flow rates. These factors act to limit the 
range of the unit at a maxinun of about 100,000 soc/tain gas flow rate and 
about 2000 eoc/tatin for liquids, riiiunn full seals flow rates are about 
S.O soc/tain for gases and about 0.1 soc/kain for liquids. 

Sizing of the RBC Thermal Mass Flownetar is acoceplished by varying the num- 
ber of shimt tubes within the sensor euch that the amount of flow passing 
through the sensitive element is nearly always the sane. 

Since the output of the RBC Thermal Mass Flow Sensor is a function of the 
C p pV of the fluid, if mixtures of various fluids are to b measured, care 
nfet be taken to assure that for variable mixtures, the Cp’s of the consti- 
tuents are equal. For mixtures of fluids with dissimilar Cp’s, the resultant 
mixture Cp mist retain constant within the limits of sensor accuracy require- 
ments. 


Variation in k, P, and Cp with tesperature and pressure will cause systematic 
errors. These errors are corrected by design tedtdques defined as 'ccrpen- 
sataon". Variations in L and A cause negligible error. 

Condensations of the effects due to tenperat ® for the thermal conductivity, 
specific heat at any one pressure anil tne powe. ■+• nge can be achieved using 
a third element located in the same heat slide and tujasuring the heat sink 
taiperature. This has been accoppliahed by using this element to program 
the voltage to the bridge or the output from the bridge, as a finctiar. of 
the tesperature and hence, oespensating for the error. This oorpensation is 
linear, allowing the oonpensation network to be set to provide zero error 
at two flow points in the f low range. Over the rest of the flow range, an 
error will occur and will be due to the differences in shape between the 
condensation curve and the actual error curve. 

The teoparatvie coefficient of the Thermal Mass Florae ter (W) will be com- 
pensated to within 0.025 par F for most fluids and astoient tarperature 
spans. 

The sensor can be designed to operate anywhere within tesperature range of 
-250 F to +500 F providing that no change of state of the measured fluid 
occurs within that range. For wide temperature range operation, the sensor 
can be provided with an internal heat exchanger and tesperature control 
circuit to maintain the fluid tmqparature within a range that will allow 
goad measurement accuracy. Dz) 

In actual operation, the basic equation and predicted values <*re not ob- 
tained. The sensitivity problems previously mentioned leads to the 
conclusion that further work is necessary on this design. 
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3.3.15 


Simonds Precision 


SiHMcnds Precisian makes a type one inferential sees f loweter by 
a density and velocity of flew measurement. A rotating vane and smetic 
pickoff la used with a oftacitanoe measurement. A taneycadb flow utrtightrmer 
preoste the turbine blad e vhich is upstream of a set of parallel capacitance 
cylinders. The cap aci t a nc e cylinders produce a current that varies in pro- 
portion to the dielectric oenstmt of the fluid passing through the plates. 
This method Marks well with ary nan-polar liquid which has a dielectric con- 
stant to den- ity relationship that follows the ClauBius-MwotU taw. 



Figure 3. 3. 15-1 Simmonda Precision Inferential Mass Flow Syetetn 


The turbine element produces volumetric flow rate pulses and the ccnpsnsauor 
tubes form a capacitor that produces a current that varies in proportion to 
the dielectric constant of the fluid passing between the capacitor plates. 
Vblrae flow rate (V) triggers a oonstant-pulee-width manes table whidi 
generates a signal whose frequency is proportional to robsna flow rata. The 
density output siptal (O) is used as a zafarsncs voltage to the nonoetable 
such that the output is a series of oonstant-width-pilses whose height la 
(0 ) . The azaa under the pulse train is proportional to O and V which is 
a mass flow rate. M ■ Vjp 

The series of pulses from the nanostahle is filtered to produce an average 
DC level. Therefore, the output level is proportional to mass flew. 

(Figure 3.3.15-2) 
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"he entire system, tne flowmeter, capacitance-density plates, and the ness 
electronics is packaged in one unit with the theoretical transfer function 
equal to: 

B s - v] 

M » fluid ness flow rate Cc m capacitance in fluid 

V * fluid volume flow rate Co » capacitance in air 

A ( B - constants 

Cirtmonde Precision's literature appears to be misleading in that they refer- 
ence the flowmeter far use with a "cryogenic 0 but limit "fuel environmental 
ranges” to - 65 F. this facility was not visited and it is not possible to 
evaluate their full capability. The advantages and disadvantages are those 
associated with any turbine type inferential mass flow measuring system 
using a capacitance to density method. Experience in density and inferentiiil 
mass measurement areas provide then with more information than just the tur- 
bine meter manufacturers alone. 
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3.4.16 TharMo-Systans, Inc. 

Thenao-Sveteme has been buil d i n g a thermal f lcwnetar (type five) device since 
1961. l*n ft* design consists of self-heated probe exposed directly to the 
flawing stream. The energy transferred bo the fluid is detain dned by its 
thermal conductivity, tiie mass rats of flow and the velocity distribution 
over the cross section of the tube in which the fluid flows. 

Mass flew rate is most oanmonly related through the continuity equation as 
follows: 

• • 

M ■ pAV m » Mass flew rate 
jO » Flowing density 
V • Flowing velocity 
A “ Crows section area of channel 

If channel area is constant, it is necessary to detect only the product fiV. 

This quantity represents momentum per unit area of the fluid straesn. 

In the Thermo-Systems designed mass fiounetera, a platinun film sensor is 
located directly in the flow stream and connected electrically as shown in figure 
3. 3.16-i* Ttus sensor is heated by current from the control circuit to a 
teoperature above that cf the fluid. The stream carries energy away from 
the sensor in proportion to the flow rate- A change in mass flew rate will 
tend to change the sensor torpor a ture 'resistance) , but the c-rplifier series 
any resistance change (due to bridge off balance) and feeds back more or 
less current tc keep the bridge balanced. It can be shewn that the pewer 
required bu maintain this bridge bala n ce is: 


P - P Q + k ipv j*,’ts - t$i 


p 

■ Power 

a 

■ Exp rent 

k 

- constant 


» Sensor Taipsrature 

P 

« Density 


- Fluid Taiperature 

V 

» Velocity 



p 

» ftwor wiih Zero Flow 
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CONTROL CIRCUIT 



Figure 3. 3. 16-1 Thermo-systems Thermal Mass Meter Schematic 


The tanparature compensating element is adjusted to give a constant voltage 
versus ms flow output fraa the control circuit even though environment 
temperature oranges. It does this by danging sensor taiperature in a man- 
ner to account for both changes in taenpearature differences (tg - t^) and 
changes in taiparature sensitive fluid properties. 

For a given fluid media, the sensor measures local Q V. Its position in 
the oenter of the nozzle allows an accurate and highly repeatable deter- 
mination of total mass flow independent of tanp e r atu ra and pressure variations. 

TWo outputs are provided. One output is the non-linear signal directly from 
the bridge circuit, while the ancond output is linear with mass flow. 

The flow transducer hrs s heated platinua film sensor on a support located 
at the throat of a smooth venturi. A quartz ooating over the platinum fill 
provides protection to the sensor. Inlet screens straight*) flow and trap 
large particles. In clean fluids, the screens can be re mov e d for lower 
pressure drop. The transducer has no moving parts and will withstand high 
levels of Bhock and vibration. ( w ’ (Figure 3.3.16-2) 
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TRANSDUCES /ENTUSI SECTION 


Figure 3. 3. li 


-2 


Thormo-systems Mesa Meter Installation Cutaway 


He meaeuranont of mass flow rather than traditicnul values flow has many 
advantages. Corrections for specific gravity, process taiparature, media 
pressure, and aoapressibility are not needed to obtain meaningful data. 

Direct mass flow measurement p ro oeea baianoae are straight forward. Data 
reduction is greatly simplified. Control and transmission of flow data is 
reduced to one signal, simplifying operations. 

Heated probe devices require relatively low power input, and ate effective 
for low flows. Disadvantages induce non-linear respons e and sensitivity 
to thermal conductivity, viscosity, and velocity distribution. 

As no data is currently available on the cryogenic use of this type of 
floMieter, testing would .have to be accomplished before a determination of 
actual performance could be made. 
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3.4 DENSnCMKBl CMCIEATE5 


Eleven of the sixteen flowmeter manufacturer candidates produce inferential 
mass flew measurement using a density measuraoent as one input. Of the 
eleven, four design and manufacture their own densitometer. Tnree of these 
densitometers use the caoacitanos principle that density is related to the 
dielectric constant by the Larantz-Clauaius-Moeeotti aquation. The other 
uses an oscillating vane driven at its natural frequency. 


The capacitance densitometer can be constructed in several different ways. 
Usually it is fabricated as an integral part of the flOMfcter and is shaped 
to provide flow straightenina for the voltaaetric sensor portion of the met-r. 
In sane cases, this is a honeycomb configuration and in others i 4 is a series 
of cylinders within cylinders. In all cases, suitable openings must be pro- 
vided to allow fluid flow with a mininun amount of pressure drop and a maximum 
antjunt of laminar flow produced. The concept is predicated on the Iorentz- 
Clausius-Mossotti formula. This formula is considered to be an exact repre- 
sentation of the dielectric-density relationships for cryogenic fluids and al) 
next-polar liquids and games. Dfl 


P 


*nm • k (€ -1) 
N (€+2) 


where: n » the number of molecules per unit volute 

N ■ Avogadro number 
m - molecular weight 
a .1 € “ dielectric cons tent 
i 7 3 -_Clausiu8-».,sotti ratio 
6 k •3m/4irN« is a constant with 

polarizability 

and p » density of the madia 


as the molecular 


The electronics section which is remotely located from the f lometer converts 
the sensed quantity of density by performing an on-line oonputation from 
moment to mrment. When this input is sunned with the volunetric output of 
tiie f lometer, a continuous output indication of true mass can be provided 
over the transition range from a liquid-biphase-to-gaseous state. 


The vibrating diaphram densitometer used by one of the inferential mass f lew- 
meter candidates operates on "Te principa of Newton's second law; force is a 
product of mass times acceleration (F -kla) . Vibration type densitometers 
represent a special case of the direct weight-volume measuring technique, 
whereas direct weighing makes use of the earth's gravity as an acceleration 
reference, vibration type densitometers generate their am acceleration 
reference. 


The heart of the densitometer is a thin vane which is syraetrioally positioned 
within a thin-walled cylindrical support. By means of a remotely located 
driver and detector, the vane is driven at its natural frequency, causing the 
fluid eurrastiing it to be accelerated by its motion. The reaction cf the 
fluid sees causes the vane to oscillate at a frequency which is a function of 
fluid dantity. 

P "A.+ B ( j) 
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®* densitometer ray be used in either static or dynastic applications and such 
factors as fluid flow, pressure, twporaturs and viscosity have virtually no 
effect on its measurement precision. 

lt» generalized characteristics of this type danistanter are: 

a. Their operation is digital in nature, Binoe frequency is a measure of 
density. 

b. The constants (A) and (B^ in equation (1.' are independent of fluid pro- 
perties; thus, tht densitometer can bs used for cryogenic liquids and 
gasee. 

c. Their operation is independent of the earth's gravity; hence, the 
dansi toaster may be used in any position and in free space. 

i. They can be '..sensitive to flow line vibration and flow noise by operating 
at freque nc i e s above or below noise frequencies. 

At present, this is still a conceptual design under test and although the 
theoretical review has established a real capability, the empirical confir- 
mation is as yet not available. £S) 

3.5 APPLICATION CJF Hi AVAIIABLE CESI9I 

The following hypotlatical p rob lan is presented to illustrate more clearly 
the application of the flowmeter designs reviewed. The conclusions drawn in 
this manner are not an exact answer to the stated required valves for a mass 
gas florae tar. Sine* no flowmeter design exists that has dsramstrated tlie 
capability of meeting these values, the probable flowmeter system design is 
defined, the questions to be answered are stated, and the testing facilities 
capability needs to be established. 

The following is e hypothetical set of values far a mass gas flowmeter. 

Assume that ws have an orbiting launch vehicle which is verting excess gas 
overboard. 


a. The fuel is gaseous hydrogen at a tenperaturs between 33K and 89K. 

b. The ays ton pressure is maintained at a constant 50 psia. 

c. The mass flow rate to be measured is 1 to 100 lb/sec. 

d. 'ha output signal is to be digital. 

e. The total nystem weight and volume is to be oarefully considered as the 
hardware is to be adaptable to a launch vehicle. 
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f . V- . BBtar sias is to be 4 inches in disaster and tbs nsi of pipe prior to 
entering the meter is of a length tour tines the aster. 

g. SyatHB tranrient accuracy shall be 1.01 or better. 

h. Syston steady state accuracy shall be 0.5% or better. 

i. the tine constant shall be less titan 10 milliseconds. 

The establishment of the mass flow rate, the system pressure, the media anc 
its tenperature range defines the rangeability of the flamter. The density 
of hydrogen varies frcn 0.058 lb/ft 3 to 0.172 lb/ft 3 in the region inder con- 
sideration. Since a mass flow rate of 1 to 100 lbs/sec has been picked, 

the flowsmter must he capable of naasurihg a range of approximately 300 to 1 
m volumetric flow rate (fluid velocity) as described further. 

The lowest velocity occurs at the smallest mass flow rate (one In/ see) and 
highest density (0.172 lh/ft3) : 

^lof • 1 lb 0.172 lb » 5.78 ft . The highest velocity occurs 
sec ft 3 sec. 

a*- the largest mass flow U00 lb > and lowest density!). 058 lb ) : 

sec. 

ita » 100 lb i_ C.058 lb « 1724 ft 3 . (41) Therefore, the total range 

sec ft 3 dft. 

in fluid velocity or volumetric flow rate tnat must be covered is 1724 to 
5.81, c. 296.7 to 1. This is an e x ti m e ly large rangeability requirsnent but 
since ti_- abject of this exercise is to illustrate the problems involved in 
determining a fiowneter's use, we will consider it a valid requirement. 

with this above data established, we now address to the three basic questions 
involving the 16 candidates: 

a. Hhat flowmeters have the potential capabilities of meeting these require— 
nwts? 

b. **iat f loMoeters have previous experience to sidmtantiate their capability 
claims? 


c. What test progrsn mid effort will be necessary to achieve the accuracy 
required? 

The four mass m o v ement types can be elirunated for three reasons, all of which 
are inter-related. Their ra n g e ability is iow, at best IS to 1. They require 
mass flow rotes in excess of the one lb per second range established and final 
the ratio of inertia forces to visoous forces must be quite high, i.e. : N R » 
11,000 in one case. 
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The Bluff body candidate has a madam rangeability of 100 to 1 ml requires 
a strong shedding vortex <4uch exceeds alb > 10,000. Low velocities of 
hydrogen gas such as the required 5.78 f t Vsec would produce insufficient in- 
ertia focoe. 

The >o drag body designs oonsist of a cantilevered bean with strain gages as 
the sensor and a force rebalancing system. The bem and strain gage design 
has a rangeability of only 10 to 1. Hie force rebalancing rangeability is 20 
to 1. As to the ability of these types to measure flow as low as cne lb/sec. 
at a djnsity of 0.058 lb/ft 3, no infatuation is available. 

The thermal meter and the turbine meter, both have designs which have suf- 
ficient rangeability. The output of the thermal meter is directly in mass 
but to digitise it the signal must be signal conditioned to a higher voltage 
level. Although the turbine meter output is digital, it rust be influentially 
ccnbined with density to give mess output. Die time constants of both types 
are close enough to make no difference in evaluating the two. (3.6.3) In the 
area of size and weight, the thermal system probably has an advantage of be- 
tween 1.5 and 2.0 times over that of the turbine meter inferential systan. 

Based on the relatively snail amount of data available an the use of the 
thermal meter at a cryogenic tssperature and the relatively large amount of 
data available on the turbine me tar, the transient and steady state total 
accuracies differ greatly. Diis difference appears to be in error close to 
100 times greater for the thscsml Beta? over the turbine meter. Al- 
though the turbine meter designs thmaeelves differ greatly from manufacturer 
to manufacturer, if the most promising cesigi is selected with the appropriate 
densitometer, an accuracy of 0.10% is claimed. Past experience with one 
thermal meter design and literature from the other manufacturer indicate an 
accuracy as low as 10%. A reason for cons: dering the thermal meter is that 
the design o e noe pt is simple and in one case, nothing need protrude in the 
flow stress and the manufacturing cost should be an order of magnitude less 
than the turbine meter - dens items ter design. 

Diemr tically, the thermal meter principal should work over the designed range 
by using specialized calibration techniques and with further work and careful 
installation design, the potential accuracy could approach 1%. 

Returning fcc the three questions regarding the sixteen candidates previously 
stated, we can note the following: 

a. Die thermal and turbine meter have a potential capability for meeting the 
requiranenta stated. 

b. Dm turbine meter, specifically the dual blade "piggyback" type, has by 
far and away the most otxqprehensrve data available on measuring mass gas 
flow at a cryogenic taiperature. Although this data is at the transition 
point between a liquid aid a gas (20-23 F), it should hold true in a 
gaseous state only. 
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c. The tienwl aster Mould require a complete redesign, an installation and 
test Kith a c r y ogenic gaseous media, a modification based an test results 
and further verification tasting. Hie "piggyback* turbine meter and 
capacitance densitometer could be tested ee designed in a cryogenic 
gaseous media over the temperature range of interest, verification of its 
capability Mould in effect qualify it Cor use. 

•Ore a«i turbine meter and capacitance densitometer is the only candidate 
system oapeble of meeting the established raquirsrents, and although it re- 
quires considerable additional tasting and perhaps soar redesign, no other 
system has as such potential for meeting the values defind for a mess 
cryogenic gas flowmeter. 
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3.6.1 FLONMETKR MANUFACTURER SOBVtT tABU 


MANUFACTURER 


TEtff ( K) 

TYPE-SYSTEM 

AIR PRODUCTS 

GAS 

39* 

VARIABLE AREA. ROTAMETER 

AMERICAN STANDARD 

CAS 

78/533 

swirlheter 

BADCER 

LIQ. 

358 

TURBINE METER 

BADGER 

• — 

— 

DIFFERENTIAL PRESSURE 

BA I LET 

Liq/GAS 

2*4/34* 

DIFFERENTIAL PRESSURE 

BAILEY 

LIQ/SLURRY 

*50 

VARIABLE AREA. ROTAMETER 

BAILEY 

SOLIDS 

277/333 

INFERENTIAL NASS 

BEMDIX 

Liq/GAS 

20/422 

FORCE-SCREEN 

BRISTOL 

LIQ/GAS 

— 

DIFFERENTIAL PRESSURE 

BROOKS 

Liq/GAS 

588 

VARIABLE AREA. BOTAICTER 

BROOKS 

Liq. 

19 

TURBINE METER 

BROOKS 

Liq/SLURRY 

350/422 

ELECTROMAGNETIC 

BUBBLE -O-HETER 

CAS 

273/339 

SOAP FILM DISF. 

C.G. S/DAT AMETRICS 

LIQ/GAS 

273/3*9 

HOT SENSOR. ANEMOMETER 

COX 

LIQ/GAS 

19 

TURBINE METER 

DANIEL 

LIQ. 

16/810 

Tv. ~ METER 

DIETERICH ST'D 

GAS/LIQ/ 

STEAM 

227/810 

Dll JTIAL PRESSURE 

DWYER 

LIQ/GAS 

339 

VARIABLE AREA. ROTAMETER 

EASTECB 

LIQ/GAS 

CRYO/477 

BLUFF-BODY 

ELECTRO DEV. OORP. 

LIQ/GAS 

20/90 

MOMENTUM MASS 

ELECTBOSYN 

LIQ/GAS 

277/322 

BOURDON TUBE 

FISHER AND PORTER 

LIQ/GAS/ 

SLURRY 

5/533 

TURBINE METER 
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3.6.1 FLOWMETER MANUFACTURER SURVEY TABLE 


manufactures 


TEMF ( K) 

TYPE-SYSTEM 

FISHER AMD PORTER 

L1Q/SLURRT 

273/455 

ELECTROMAGNETIC 

FLOW COM 

LIQ/SLURKY 

14/533 

TURBINE METER 

FLOW TECH. 

L1Q/GAS 

14/450 

TURBINE METER 

FLUID DATA 

LIQ. 

89/477 

ULTRASONICS 

FOXBORO 

LIQ. 

78/333 

MOMENTUM MASS 

FOXBORO 

LIQ/GAS 

19/810 

TURBINE METER 

GEMS 

LIQ. 

355 

VARIABLE AREA ROTAMETER 

general elect. 

LIQ/GAS 

20/90 

MOMENTUM MASS 

GENERAL ELECT. 

LIQ/GAS 

244/358 

DIFFERENTIAL PRESSURE 

CILNOKT 

LIQ/GAS 

255/373 

VVRIABLE AREA ROTAMETER 

GURLEY 

LIQ. 

273/339 

TURBINE METER 

HALLIBURTON 

LIQ. 

700/678 

TURBINE METER 

HASTJNCS-RAYDIST 

GAS 

200/810 

THERMAL 

HONEYWELL 

LIQ /CAS 

366 

DIFFERENTIAL PRESSURE 

HONEYWELL 

LIQ/GAS 

19 

DRAG BODY 

IND. MEAS. 

LIQ. 

255/353 

POSITIVE DISPLACEMENT 

IS-VAL-CO 

LIQ. 

200/700 

TURBINE METER 

ITT BARTON 

LIQ/CAS 

19/810 

TURBINE METER 

ITT BARTON 

LIQ/GAS 

222/366 

DIFFERENTIAL PRESSURE 

KINGMANN-WKITE 

LIQ/CAS/'.' APOR 

water 

DIFFERENTIAL PRESSURE 

KONTES 

GAS 

3<*i 

DIFFERENTIAL PRESSURE 

ROUTES 

CAS 

344 

VARIABLE AREA, ROTAMETER 

LAN 

LIQ/GAS 

239/344 

f LECTROMAGNETIC 

LIBRAS COPE 

CAS 

227/333 

FLOW COMPUTER 

LINDSEY 

LIQ/GAS /SLURRY 

33/810 

TURBINE (OUT OF BUS.) 

LIQUID CONTROLS 

LIQ. 

222 

POSITIVE DISPLACEMENT 

MACE 

LIQ/CAS 

222/477 

— 

MANOSTATE 

LIQ/GAS 

200/477 

VARIABLE AREA, ROTAMETER 
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3.6.1 FUOWNCTER MANUFACTURER SURVET TABLE 


MANUFACTURER 

KiilUIilflRHHRBI 

TEMP ( K) 

TYPE-SYSTEM 

MATHESON 

LIQ. 

394 

VARIABLE AREA. ROTAMETER 

Mtrn.0 

CAS 

294 

VARIABLE AREA. ROTAMETER 

MFG-O-METER 

LIQ. 

— 

DIFFERENTIAL PRESSURE 

HER. AM 

— 

233/700 

LAMINAR FLOW ELEMENT 

>A1 iONAL INSTR. 

CAS 

255/378 

DIFFERENT 7 XL PRESSURE 

;eptume 

LIQ. 

— 

TURBINE METER 

’t.VJJTVM DYNAMICS 

LIQ/CAS 

3/511 

TURBINE METER 

RAMAPO 

LIQ/CAS 

219/810 

VARIABLE AREA, ROTAMETER 

RANAPO 

LIQ/CAS 

75/616 

STRAIN CAGE W. G BODY 

ROBINSON 

ANY 

-- 

DIFFERENTIAL PRESSURE 

ROCKWELL 

LIQ. 

372 

TURBINE METFR 

rosemount eng. 

CAS /LIQ. 

158/311 

THERMAL MASS 

ROTRON 

LIQ/CAS 

233/450 

VORTEX 

SCH BOEDER 

LIQ. 

277/378 

DIFFERENTIAL PRESSURE 

SENTRY 

LIQ. 

— 

TURBINE METER 

SIMMONS PRECISION 

LIQ. 

20/422 

TURBINE METER 

STATHAM 

BLOOD 

289/311 

ELECTROMAGNETIC 

TAYLOR 

LIQ/ SLURRY 

255/394 

ELECTROMAGNETIC 

TAYLOR 

LIQ. CAS/SLURRY 

233/810 

DIFFERENTIAL PRESSURE 

TECH YERSATRONICS 

CAS 

230/339 

THERMAL MASS 

THERMAL INST. CO. 

GAS/LIQ. 

TO 922 

THERMAL MASS 

THERMO-SYSTEM INC. 

CAS/LIQ. 

227/366 

THERMAL MASS 

TV IAN 

CAS/LIQ. 

219/344 

DIFFERENTIAL FLOW 

WALLACE a tierman 

LIQ/CAS 

394 

VARIABLE AREA, ROTAMETER 

WALK EE 

GAS 

339 

VARIABLE AREA, ROTAMETER 
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3.6.2 CANDIDATE DESIGN COtffABISlON TABLE 


TYPE OF SYSTEM DENS I TONE TEA 


CANDIDATE 

AND PRINCIPAL 

MFC'D TYPE 

BENDIX 

DRAG BODY-FORCE RE-BALANCING 

YES - DIELECTRIC- 
TO- DENSITY 

COX INST 

TURBINE METER - BLADE AND RF PICK OFF 

NO - VOLUMETRIC 
OUTPUT ONLY 

EASTECH 

BLUFF BOOT - VORTEX SHEEDINC 

NO - VOLUMETRIC 
OUTPUT ONLY 

ELECTRO DEV. 
COBP. 

MOMENTUM, ANGULAR - MASS OC TINE 

NOT NECESSARY, TRUE 
MASS OUTPUT 

FISHER & PORTER 

TURBINE METER - BLADE AND BF OR 
MAC PICK OFF 

NO - VOLUMETRIC 
FLOW ONLY 

FLOW TECH 

TURBINE METER - BLADE AND RF OR 
HAG PICKOFF 

NO - VOLUMETRIC 
FLOW ONLY 

FOXBORO 

MOMENTUM. ANGULAR - TORQUE AND 
ANGULAR SPEED 

NOT NECESSARY. TRUE 
MASo OUTPUT 


TURBINE METER - BLADE AND HAG 
PICKOFF 

NO - VOLUMETRIC 
FLOW ONLY 

GENERAL ELECTRIC 

MOMENTUM. ANGULAR - TORQUE. RADII 
AND ANGULAR SPEED 

NOT NECESSARY, TRUE 
MASS OUTPUT 

HASTINGS-RATDIST 

THERMAL - HEAT TRANSFER 

NOT NECESSARY, TRUE 
MASS OUTPUT 

HONEYWELL 

MOMENTUM. LINEAR - DAMPING RATIO 
TO HASS 

NOT NECESSARY, TRUE 
HASS OUTPUT 

ITT BARTON 

TURBINE ML TER - BLADE AND MAC 
IICKOFF 

YES - OSCILLATINC 
VANE 

QUANTUM DYNAMICS 

TURBINE METER - BLADE AND RF PICKOFF 

YES - DIELECTRIC- 
TO- DENSITY 

RAMAPO 

DRAG BODY - STRAIN GAGE PICKOFF 

NO - VOLUMETRIC 
FLOW ONLY 

NOSEMOUNT 

THERMAL - HEAT TRANSFER 

NOT NECESSARY, TRUE 
MASS OUTPUT 

SIMMONS PRECISION 

TURBINE METER - BLADE AND PICKOFF 

YES - DIELECTR1C- 
TO-DENSITY 

THERMO SYSTEMS 

THERMAL - HEAT TRANSFER 

NOT NECESSARY, TRUE 
MASS OUTPUT 


PACE I OF 1 

- 67 - SD72-6A-0156-2 


REPRODUCIBILITY Of THE ORIGINAL PAGE IS POOR. 


3.6.3 ACCEPTABLE FLOWMEl TABU 


4Mk Space OMataa 

North Amencan Rockwol 


S •• •• •* • M l« • ■■ •« • M • M •• • ( t n 

* OQQSIOO*-* 0*0*0035 OQ 
Ul — 4 o O • N N • N H • H - 0-4 • N O 

o a o a o »r, q ^ 


5 u m u 2 2 ;2 2 2 2 2 2 2 2 

® assess Ja<«<aaa2a aa 

S QOOaEOO^*A 3C3EOO*rtOO «n o 


Sul 0 0 0 * 0 0 ^* 

m| o • • • • • V 

Hf -* wt <n O «A m Q 


aeoo*noo «no 
O n o m in o — « 


S • * • • • • 

r* < x x < x x < < < < x z < < 

h • a. fiu • Ob E • J • • * E u a. • m 

3 zvozuoxZ XZ XUUO^ N Z 

Ml • • • • • • • • O • 

O QQ • O 


< < < 

H *0 0*0 0 *0 00 00*100 OO 

< ZHHfeMHX^ 0*3 M- -4 

Of o O O O © © OO* ^40 00000 OO 


U O 0*0 0 in o O O 5? O OlOOOQOOO 
< *0 O r*i O CM N O «N O O o <n ^4 IO O © O O 

os * * •• * * ** • • • ••*•••• 

g O H o H o O *40 H W H O o O ^ H m 


S ' < OH 

>* W -4 tfj 

G A6 ** 

2 3 H C S 

s I a 3 5 

i i “ j, 

« s as 3 a 

S a 25 i C 


g s a 


i i i £ 1 1 i 


- 66 - 


SD72-OHI1S6-2 


REPRODUCIBILITY Of THE ORIGINAL PAGE IS POOR. 


PACE i OF 1 



Space DMston 

NwhAmencanRockrtel 


4.0 CKKXaOC LIQUID OEBC l'lO M ffiftSWMIfr TBQSCtDGY 

The primary abjective of this report «u to present the available propellant 
gaging system applicable to future space Wiiclss. The report gives a brief 
description of each system including theory of operation, accuracy, stability, 
power requirements, and the gravitational environment in which the system is 
designed to perform. 

Propellant gaging, under positive gravity conditions, is generally simplified 
due to the presence of an acceleration vector which allows prediction of the 
propellant )•» ation and whops within the confines of the tank. Point sensors 
of the ultiusi/iic, optical, or heated wire type are all capable of accurate 
propellant level (volume) measurements. Propellant volume measurement devices 
of the echo-ranging and capacitance type which provide continuous measurements 
are also adaptable. These systems, however, are useful for propellant quantity 
indication only when a dominant vehicle acceleration is coincident with the 
vehicles measuring system which allows prediction of the propellant location. 

The techniques of gaging propellants randomly oriented within the tank, i.e., 
under propellant sloshing a> «i aero g conditions, poses a more coiplax prohloa. 

4 . 1 TTEHNICAL DISCUSSION 

The general propellant orientation in apaoe corresponds to the Band neither 
behavior, where the Bond number provides a ccnparison between gravitational 
and aapillary effects: 

- 2 

BO ‘P 142} 

Where jO is the fluid density, g ttv -oceleratian, L a characteristic dimen- 
sion of the system (length of t* >nk) , and T the surface tent -on. Par low 
Band rasher systems, capillary fo job dominate the hydrostatic propellant 
behavior, while for high Bond number systems, acceleration forces dominate 
the behavior. Therefore, even in extrasely lew acceleration enviromants, 
forces exist which present the propellant from assuming randan orientations. 

Theoretical studies indicate that, i capillary dominate regions, the nuininun 
energy propellant configuration is one in which the vapor phase is present in 
spherical bubbles. Energy considerations further indicate that total surface 
energy is minimized if the vapor bubbles collect into a single large bubble, 
and additionally that the bubbles tend to attach thmmalves to the tank well. 

Low acceleration experiments generally verify that such mininun energy con- 
figurations occur, though acme experiments indicate the roeta stable equilibrium 
situations occur in which snail bubbles group around and attach themselves to 
a larger bubble, nuch like a bunch of grapes. 

Thus, coop lately random orientations of propellant within a tank are statically 
unstable for low Bond numbers situations, capillary forces cause the formation 
of a spherical bubble or a cluster of bubbles. For high Bend number situations, 
acceleration forces although mall band to orient the propellant so that a 
single relatively flat liquid-vapor interface exists. Such propellant behavior 
is of fundamental importance with regard to the design of propellant mass 
measurement systems. 
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®** lc »ro g propellant quantity gaging 13 readily integrated into all phases 
of propellant management. The four pertinent applications are loading, gaging, 
utilization and center of gravity control. 

Tti monitor and control the level of propellants during the loading operation, 
the system output is monitored by ground instrumentation which in turn controls 
the loading control valve. Fast fill, medium fill and slow fill rates, or 
proportional flow, can be obtained based upon quantity information received 
from the propellant measurement system. 

IXiring a powered flight the outputs from the two gages measuring fuel and 
oxidizer 'in the respective tanks can be oonpored in a propellant utilization 
O' .pu ter -ccrrpar a tor . The oenparater determines the sense e id rmgnitude of mixture 
ratio deviation and repositions tlx; ermine propellant utilization valve to 
aonpensate for this deviation. The result is close control of the engine 
lixture ratio and mininun propellant residual at the end of flight. 

*he system out Ait can be directly used for propellant volirne indication by 
readout on a cockpit instrument and/or by ground .nxutoring through use of 
telemetry. 

The system outputs obtained from nulti-tank vehicles provide center of gravity 
oontrol. Either manual, semi-automatic or automatic control nay be aoocnp- 
lisled. The center of gravity oontrol feature allows maintenance of a fixed 
center of gravity or permits relocating the center of gravity. 

4.2 EVALUATION OF AVAILABLE DESIGNS 

The results of the study haw produced eleven different propellant gaging 
systems offered by nine manuf n_turers . Of these, five systems are applicable 
only to positive g environments, and seven are applicable to both positive 
and zero g environments. These systems can be further categorized into 
five types: Point Sensors, Capacitance Probes, Radio Frequency, Infrasomc, 

and Nueleonic. Point sensors and capacitance probes are only useful in 
positive g environments. The inf re. sonic and nucleonic systems are applicable 
in zero g environments; however, they are still in the dkrwlopnem: at age and 
at this time have a weight disadvantage to obtain the required accuracy. 

The use of the more standard coaxial cylinder capacitance sensor system for 
continuous gaging of propellants is not practical due to the capillary rise 
that occurs at low gravity conditions. The capillary rise for IH 2 bUX 
is on the order of 40 inches and 20 indies, respectively, for capacitance 
sensors similar to those used on the Saturn S-Il stage. 

Because future space missions enccnpass two distinct regimes of gravitational 
acceleration, no single concept of propellant gaging is entirely satisfactory. 

The operations include zero gravity conditions during coast periods experienced 
in earth orbit, ind high gravity conditions during vehicle tlirust. Conse- 
quently, a combination of p rope llang gaging concepts is required to provide 
propellant mass or volime measurements . The results of the study indicate the 
radio frequency sensor system is best utilized for propellant monitoring during 
zero gravity periods, and a combination of the RF and the discrete level sensoi 
systems is best utilized during high gravity periods. 
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4.3 SURVEY RESULTS OF CUHRDlXUf AVAILABLE SYSTBG 
4.3.1 .Vxwatica Ultrasonic Sensor System [43] 

Hie Acoustics Ultrasonic system far liquid level gaging operates on the prin- 
ciple of continuous ultrasonic acho-sourding. Hie system consists of a 
piezoelectric crystal transducer and stillwf 11 assembly with a remote control 
unit. Liquid level is gaged by periodically measuring the time required for 
an ultrasonic pulse to travel from the transducer to the liquid surface and 
bade again to the oenmon tranoait-reoeive transducer (see figure 4. 3. 1-1). 



Figure 4. 3.1-1 Acoustics Ultrasonic Sensor System 
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^ operation, a pulsed electrical input from the transnittar causes the 
transducer to generate an ultrasonic pulse, 'mis pulse travels to the liquid- 
gas interface where part of the energy is reflected back to transducer aid 
reoeiiasr-readout device, me tine required for the pulse to travel is measured 
and converted to an equivalent distance from the transducer location to the 
liquid level above the transducer, mis system requires only the -tillwell 
and transducer to be exposed to the liquid/gas inside the tank. 


Accuracy 

Temperature Range 
Pressure Range 
Power Requirement 
Response 


+0.50 inch 
-320 to +300 F 
0 to 5000 psia 
5 watts 

25 milliseoonds 


For aero g application, this system could not gage the liquid level, me 
capillary forces will draw the liquid into the Stillwell causing the trans- 
ducer to indicate full tank at all times. Per positive g applicatio , this 
system vould work satisfactorily. 

4.3.2 Aooustxci Discrete level Sensor System [44) 


The Acoustics discrete level system utilises a resistance type seising element 
consisting of a .0005 inch diaraetei gold plated platinum wire grid. The wire 
is powered by a constant current to maintain its temperature at u level 
slightly higher than its surrounding environment. Since the resistance of tie 
wire varies as a function of temperature, any change in the medum in contact 
with the sensing element, whether liquid -to-vapar or vapar-to-liuuid, causes 
a relatively large and almost instantaneous change in resistance, mis resist- 
ance change is used to operate a solid state switch in the control init. 


Accuracy 

Tenparature tenge 
Pressure Range 
tewer Requirement 

Response 


+0.1 inch 
-430 to +300 F 
0 to 5000 psia 
/ watts/umt IH2 
3.5 watts /unit LOX 
50 milliseconds 


For zero g application, this type of measuring system does not have the 
capability of measuring mass within a tank. However, under positive g condi- 
tions this technique is \mty good for determining a certain loading level, if 
the alignment of sensors is in the direction of the g force. 

4.3.3 Acoustics Infrasonic Sensor Syst*n [43] 

Acoustics' s infrasonic zero g propellant gaging system has been developed 
to measure the voluie of liq da in a low acceleration environment. The 
liquid volume is obtained by measuring the gas volume and subtracting it from 
the known mipty tank volisns. me gas volune is found through a dynamic 
acoustic measurement of the ullage aonpliance. Hue is accomplished by a 
method of comparison where the compliance of tie tsiknewn gas volume in the 
propellant tank is compared to the compliance of the same gas in a known 
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reference volute. A dynamic reference method Is used to eliminate the need 
for knowing the changes in pressure, tao^aarature and ratio of specific heats 
of the jas. The C Tpy e ria cn is acocnplished through an acoustic bridge arrange- 
ment of tne t*c volutes and bo acv-ctic resistances. A schematic diagram of 
the acoustic system is shewn in Fic ire 4. 3, 3-1. The volumes represent acoustic 
-jonpl lanoes , and fern acoustic resist anoes are ocopraed of fine mesh screens. 
The source of dynamic pressure in tie main tank i? an elactrodvnaraic driver. 

A dynamic pressure pickup in each vclime provides the necessary information 
signals. 


Accuracy 

Temperature Range 
Pressure Range 
Power Requirements 
Response 


+1.0 to +2.0% 
Full to Btpty 
-430 to +300 F 
0-50 psia 
SO 

5 to 10 'leoonds 


This system has demonstrated feasibility for bladVitu. ■ ype applications wherein 
the gage is used to determine gas ullage volant aid whe.ie liquid entrapment, 
in the gage, is not a problem. If liquid entrijanant can be eliminated, this 
system could provide propellant gaging undsr aero o environment with relatively 
good accuracies. 


4.3.4 Bendix Corporation Cryogenic Optical Sensor” 

The Bandix Corporation optical sensors have been use! in box and JP4 on the 
S-IC stage .'or Apollo missions. Race it inprovunante have ana. their use 
in Ui 2 - The basic principle of operation can be understood by considering 
the sketch shown in Figure 4. 3.4-1. 



Figure 4. 3,4-1 Bendix Cryogenic Optical Sensor 
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llw optical sensor consists at on intwraal light source, a reflecting prim, 
a light aeneitiw pickup cell and electronic signed conditioning circuitry. 
Light rays fror. the light source are directed down one side of the trans- 
parer cylindrical prise trtuch is located at the liquid level sersmg point. 

Man liquid is present at the end of the prim, noet of the light u. ,«es 
through the price - liq u id interface, and is dissipated in the liquid. When 
gas is preesit, the changed index of re f raction at the interface causes most 
at the light to be reflected across the prim face and through he transparent 
cylinder, this light inpincies an a photo *11, which in tisrr produces an 
electrical output trtuch is used to drive a transistor ixod switching amplifier. 

Aocir'acy +3/32 inch 

T - perature Range -320 to 160 F 

Pressure Range 140 peia 

Raquirenents 6 watts 

.se 50 milliaeoonds 

This is a point sensor type system and is liruted to positive ■ applications. 
Par propellant loading and propellant depletion under pontive acceleration, 
this systan wiil give very secure' results if the sensors are aligned com- 
patible with the direction of the g force. 

4.3.5 B-.-v jc Corporation Radio Frequency Sensor Syster 145] 


The Bendix Corporation radio frequency (FF> quantity gsgrq system operates 
by introducing microwave energy into a tank so as to illuminate it by setting 
up e le e ti omaqnetic fields throughout the entire volune of the tank. The tank 
interior is a dielectric region scapletely surrounded by conducting walls. 
Such a system is culled a cavity, and the resonant solutions are the normal 



Figure 4. 3. 5-1 Bendix Radio Frequency Sensor Systam 
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Die RF section consists of a voltage h«mM» hf — n~r oscillator# an atbsnua~ 
to: , a lew-pass filter **iich cuts off at the wari— desired output frequency, 
anu a directional ampler which provides a Maple of the HF power level. This 
leial is held constant by de te c tin g it at the directional coupler and using 
the detected pewer to control a power leveling circuit. Die power leveling 
circ-iit controls the DC bias of the FF sweep oscillator. The RF energy is 
aoupled into the tank probe through a circulator and coaxial cable. The 
t_ iK probe is a wide band spiral antenna. The W energy reflected from the 
probe is detected at the third port of the circulator using .* node detector 
(crystal diode). This detected energy contains the mode information. The 
signal conditioning circuit produces a constant-width, aonstant-enplitude 
pulse far each detectable node. This provides a tram of pulses which con be 
counted electrr ruoaily or fed into a Pulse to Analog Converter to produce an 
analog output voltage. 


Accuracy 

Toimua ture fringe 
Pressure Range 
Pewer Requirement 
tesptsise 


+10.0 to l.Ot, Full to Bgpty 
-430 to 300 F 
0 - 100 psia 
30 watts 
30 nilliseoonds 


This system is applicable to both zero g and positive g conditions, it has 
demonstrated feasibility for measuring liquid vrolume under zero g and pro- 
pellant slosh tx, ditions. This system would be an excellent choice pro- 
viding more development work is dene to uiprove linearity and accuracy . 


4.3.6 Oonrac Corporation Radiation Sensor System 


Ctmrac's radiation system is a monoenergetic ganoa transmission systan which 
incorp ora tes a so u rce ■de t ec t or pair across the tank length. Each source is 
ml limn had to a 5 degree half angle to impinge only on its matched detector 
to reduce cross-talk. Die detector is a sodiizn Iodide (Dali inn-activated) 
scintillator crystal (NAT TX)) which activates a photomultiplier tube (fW) . 
The PMT's output (which is oquivalent to the mass between the source and 
the detector) is wsaaad with the other outputs to indicate the amount of 
mass within the tank. 


Accuracy +1.5 to +0.5* Full to Bipty 

Source Cs 137 

Source Strength 550 nu.Uicuri.es 

Power Requnenents 27 wetts 

4.3.7 Industrial Nucleonics Radiation Senior Systan [46) 

Industrial Nucleonics reocomnds the use of two different type (mass and 
volute) nucleonic gaging systems. For a mess sensitive measurement DC 
rs oa n we nds a monoenergetic gums transmission systan which irsaorpoi ato? n 
source-detector p»ir across the tank length. Each pair has an output 
(equivalent to the imss between the source ajx) the detector) **uch is suniwd 
with the other outputs and the total is an indication of the mass in the tank. 
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Fbr a wlm ■tnugarit. DC iwoonmenda a back scatter ahNw 

syBtsn tdiich «8sb gene radiation reflected tzrm the liquid to «.ti«ite the 
detector for an output. This system measures the voluse of liqiud surrounding 
the source dett tor pair and is quits similar to a point sea- or systan. 

Accuracy >1.5% 

Source Os 137 

Source Strength 1.5 curies 

Power Requirasnnts 40 watts 

Ftsr zero g application, the aonoenergetic gaeaa t-anasission system would 
wort providing there are enough source-detector pairs to cover the voltane of 
the tank. The backscatter shadow system probably will rot wort for zero g 
application but would wort for positive g environment. 

4.3.8 Sismonds Precision Coaxial cylinder Capacitance Systan 1*7] 

The S innards precisian systar. is based on redundant sensing systems. The 
primary system enploys axial capacitance tubes in the tanks to continuously 
measure propellant mess. The backup systan sepia's any rasher of individual 
ispedanoe sensors spaced along the length of the tank. Tn the primary systan 
for measuring propellant quantity, the sensor consists of two concentric con- 
ducting cylinders along the axis of the tank (reference Figure 4. 3 . 8 - 1 } . 



Figure 4. 3. 8-1 Simmondn Precision Coaxial Capacitance System 
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A» the prop e lla n t le depleted, the aapacitanoe he mean the two cylinders 
changes li n ea r ly wi th the wins of the propellant. Ihe varying " f f inp n* 
unbalance* a brick;-- circuit. This wbalanoe is continuously and a utc sa at ical ly 
nulled by a swwxJriw* potentxoneter. The position and corresponding output 
wltage of the pot are, therefore, analogs of the propellant voluae. The 
bectajp sensing system is sosevtat sore oosplex. Each point sensor is a ring 
in the horizontal plane. The sensors are ran tad on a tube vchich rxxis 
ver.i sally along the length of the tar*. 

The impedance of each sensor depends on Whether it is covered by the pro- 
pellant. A sensor fans half of a capacitive bridge (reference Figure 4. 3.8-2) 
with a fixed capacitance farming the other half. 


MISTAKE 



Figure 4. 3. 8-2 SUnmonda Precision Point Sensor Ring System 


As the. propellant level drops, sensors are rawerad or* by cne. Trigger 
circuits sense the output at each bridge and change stats# as the sensor is 
msooverad. 


Accuracy 

Tenperature Range 
Pressure Range 
Pcmst Reguirenent 
Response 


+1.0 to +2.0% Full to Dipty 
-430 to +300 F 
0-50 peia 
7 WrittS 

5 "d 1C seconds 
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For aero g appl i c at ion, this system oould not fWL'tion as a gaging syston, 
h * c a »te the capillary action of the fluid would fill the probe to give a 
full outfxit at all tires. Howev x, this systrei is an excellent system for 
a positive g environment (Bond raster >4) (g levels )2i 1CT 5 ' . 

4.3.4 Trans-Sonic* Corpor a tion Peripheral Capacitance Syston [48] 

The Trans-Sonic* peripheral capacitance system utilizes 16 electrodes that 
are panels which attach to the inside tank wall so that the whole tank 
becomes the dielectric of a capacitor. The shapes and potentials of the 
electrodes are adjusted so that tie interior electric field is approximately 
uniform throughout the tank, insuring equal weighting to all regions, 
regardless of how the liquid is distributed. 


Accuracy 

Temperature Range 
Pressure Required 
Power Requirreent 


♦ 2 . 0 % 

-430 to *165 F 
0 - 100 psia 
50 watts 


This system is trying to measure too snail a capacitance. Consequently, 
noise and stray capacitance will cause additional development problems. 

Fbr zero g application, this system oould work providing the above-mentioned 
problems are solved. 


4.3.10 TFW Infra son ic Sensor System [49) 


The TRW system is a resonant infrasoruc gaging system '4\ich < . zes a 

a»ll oscillating pressure change to detect the volume of the ullage gas. 

The sy^-em consists of a driver piston, a '1 lower piston (or diaphragn) . 
and a pre-aure transduc e r. The volume between the driver and the follow ir 
makes up the reference cavity tfuch houses the pressure transducer. At sene 
frequency to the driver, the force required to axpress the reference cavity 
will be balanced by the restoring force, caused by ocnpression of the ullage 
gas, and the syston will be in resonance. 

The resonant frequency is related to the amount of ullage gas; therefore , 
one can measure the quantity of propellants by measuring the resenant 
frequency. 


Accuracy 

Twperature Range 
Pressure Range 
Power Required 
Response 


+1.0 to +2.0% Full to Qqpty 
-430 to *300 F 
0 - 50 peia 
7 watts 

5 ao 10 seconds 


This system is applicable to zero g oonditiors. Its accuracy is adequate, 
however, the response time is alow. This system would bo excellent for 
the ooast nodes used during long space voyages. 
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4.3.U Tyco Laboratories Radiation Sensor System [SO] 

Tyco Laboratories radiation sensor system u*a» a nonoollimated monosnengstic 
gum i transmission system which places a point source m the center of the 
tank and measures the radiation at the tank walls. The prototype that waa 
tested had only two detectors 180 degrees apart. Fbr greater accuracy, 
additional detectors and a larger electronics package to integrate the 
outputs from the detectors could be added. 

Accuracy +2.0» 

Source AH 241 

Source Strength 31 millicuries 

Power Requirement 7 watts 

This syston could be adapted fcs- zero g application: providing enough 
detectors were installed to caver thu entire volime of the tank. This would 
result in a very large weight penalty and would not be practical. 

4.3.12 United Controls Discrete Level Sensor System 

United Controls discrete level sensor system uses a "constant resistance* 
sore element and an electronic control nodule. A series of censors are 
mounted in a Stillwell that extends ever the length of ne tank. As each 
sensor is iomeraed, a discrete signal is developed to i: iicate propellant 
level in the tank. 


Accuracy 

■hsnperature R»nge 
Pressure Range 
Power Requirement 
Response 


+C.06 inch 
-425 to +25C F 
0 - 500 psia 
7 watts/unit 
16 milliseconds 


Por aero g application, this type (point sensor) measuring syst«*i> does not 
have the capability of measuring mass within a tank. ftarnsver, under positive g 
conditions, this technique is vary good for determining a certain loading 
level if the ai i^ment of sensors is in the direction of the g force. 

4.4 TABUWTIOK CF LIQUID DETECTION SYSTEM DESI® ANL PERPCWHWCE 

FEATURES 


As a result of inquiries sent to manufacturers who have developed cr are 
developing cryogenic liquid detection systans, a review of present, state- 
of-the-art propellant gaging systans was performed. Table 4.4-1 is a suomtion 
of manufacturer data sheets specifying accuracy, stability, power requiranents 
and operational gravity r squirmer ts. 
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